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This thesis concentrates on the effects of the social environment, candidate 
plasticity genes, and their interaction on phenotypic, cognitive, and neural 
correlates of Attention-Deficit/Hyperactivity Disorder (ADHD), to shed light on 
causal mechanisms involved in ADHD. We will use a conceptual framework on 
GxE, the differential susceptibility theory, and extend prior work in several ways 
by (a) examining not only behavioural, but also cognitive and neural outcomes, 
(b) focusing on the impact of both negative and positive sides of social environments, 
and (c) using a sample with a broad age range of children, adolescents, and 
young adults.
The following sections begin with an introduction of the clinical features of ADHD. 
However, the focus in this thesis is not primarily on differences between patients 
diagnosed with ADHD and healthy comparison participants as such; rather we 
chose to focus on a broad range of outcome measures and environmental variables 
that are relevant not only for ADHD, but also in a broader population of children, 
adolescents, and young adults - from those with no to those with severe ADHD 
symptoms. Following this general introduction on ADHD, I will discuss what is 
currently known about genetic and social environmental influences, followed by 
gene-environment interactions that may play a role in behavioural, cognitive, and 
neural processes. Here, two conceptual frameworks on GxE, vulnerability stress and 
differential susceptibility, will be highlighted. Then, I will zoom in on interindividual 
differences in social behaviour, reward sensitivity, inhibition, and brain volumes, 
and outline their relevance in normal development and how they are associated 
with ADHD. Finally, the chapter ends with an overview of the aims and an outline 
of this thesis. 
ATTENTION-DEFICIT/ HYPERACTIVITY DISORDER
According to the Diagnostic and Statistical Manual of Mental Disorders, DSM-5, 
ADHD is diagnosed when enduring symptoms of inattention and/ or hyperactivity-
impulsivity are present - which have had an onset prior to the age of 12 years - 
in two or more settings (e.g., at home, school, or work) and it is clear that these 
symptoms impede social, academic, and/or occupational functioning (5th ed.; 
American Psychiatric Association [APA], 2013). The world-wide prevalence of 
ADHD lies between 5-7 % (Willcutt, 2012, Polanczyk et al., 2007, Polanczyk et al., 
2014) and is higher in males than females (Willcutt, 2012). Three main subtypes 
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or presentations are distinguished: predominantly inattentive, predominantly 
hyperactive-impulsive, or a combination of inattention and hyperactive-impulsive 
symptoms (APA, 2013). However, the distinction of these three presentation forms 
is still under much debate (Coghill and Seth, 2011), as the presentation of symptoms 
is not stable over development (APA, 2013). About 35-70 % of children diagnosed 
with ADHD continue to have full persistence into adulthood (Langley et al., 2010, 
Biederman et al., 2011, Karam et al., 2015). In the current sample (see Box 2), 
86.5 % of children with an ADHD combined diagnosis at a mean age of 11 years had 
persistent ADHD at a mean age of 17 years (van Lieshout et al., under review). 
ADHD traits are distributed continuously in the general population, with only 
those on the high end of the continuum having a diagnosis (Larsson et al., 2012, 
Asherson and Trzaskowski, 2015). Behavioural, cognitive, and neural heterogeneity 
associated with ADHD can also be found in individuals without an ADHD diagnosis 
(Fair et al., 2012). Therefore, the focus in this thesis lies more on the dimensional 
nature of ADHD, rather than on the distinction between ADHD and individuals 
without a diagnosis. 
GENETICS
It has been observed for a long time that ADHD runs in families (Biederman et 
al., 1992, Faraone and Doyle, 2000, Sprich et al., 2000). First degree relatives of 
individuals with ADHD are two to eight times as likely to also have ADHD than 
relatives of individuals without ADHD (Faraone et al., 2005).  Reported heritability 
estimates by twin studies lie between 71-90 % (Faraone and Mick, 2010, Nikolas 
and Burt, 2010). The high heritability of ADHD has led to a surge of research to 
find ‘risk genes’ involved in ADHD. However, many studies and a number of new 
analytical techniques later, it has become clear that understanding the genetic 
background of ADHD is not just a matter of finding large genetic effects. The current 
predominant view is that many genes contribute with small effects (Gizer et al., 2009, 
Cross-Disorder Group of the Psychiatric Genomics et al., 2013). Besides small effects 
of multiple common gene variants, rare variants with larger effects, epigenetics, 
epistasis, and gene-environment interactions (GxE) have been suggested to play 
a role as well (Thapar et al., 2013). Research on GxE in ADHD is rather limited (see 
below), therefore this thesis aims to advance our understanding by investigating 
GxE as a possible underlying mechanism for ADHD. 
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So far, genes related to dopamine, noradrenaline, and serotonin have received 
the most attention in candidate gene studies. These candidate genes are chosen 
because of their (hypothesized) relevance in the mechanism of the investigated 
disease (trait). The medication prescribed for treatment of ADHD directly affects 
the dopamine and/or noradrenaline system (Del Campo et al., 2011, Volkow et al., 
2002). Dopamine and serotonin systems have been shown to interact in the brain 
to regulate activity in the frontal-striatal circuits, which are involved in executive 
functioning and reward processing (Oades et al., 2008). Genes related to the 
serotonin system have also been studied in the context of ADHD because of their 
role in impulsivity (Gizer et al., 2009), and their confirmed role in other psychiatric 
disorders, mostly anxiety and depression, in interaction with environmental 
factors (Caspi et al., 2010, Gizer et al., 2009).
Three of the most common investigated genes associated with ADHD are the 
dopamine transporter (DAT1/SLC6A3), dopamine receptor D4 (DRD4), and the 
serotonin transporter (5-HTT/ SLC6A4) genes (Gizer et al., 2009, Thapar et al., 
2013). These genes did survive meta-analyses and proved to be associated with 
ADHD, albeit with small effect sizes (Gizer et al., 2009). They contain variable 
number tandem repeat polymorphisms (VNTRs), i.e., regions of sets (usually 
pairs) of nucleotides that have variable length. The DAT1 gene has a VNTR in the 
3’untranslated region (UTR) of which the 9- and 10-repeats are the most common. 
In children the 10-repeat, and in adults the 9-repeat has been associated with ADHD 
(Franke et al., 2009). The DRD4 gene has a VNTR in exon III of the gene which ranges 
from 2 to 11 repeats. The 7-repeat is found more often in individuals diagnosed 
with ADHD compared to controls (Gizer et al., 2009, Thapar et al., 2013). The 5-HTT 
gene contains a VNTR with short (S) and long (L) repeat alleles in the promoter 
region known as HTTLPR. The long allele has been associated with childhood 
ADHD (Gizer et al., 2009), although associations with the short allele have been 
suggested in adults (Landaas et al., 2010). Indeed, for all three genes considerate 
heterogeneity is found for the reported associations with ADHD (Gizer et al., 2009). 
This heterogeneity paired with the small main effect sizes could be explained by 
the interaction with environmental factors (Gizer et al., 2009). Indeed, the effects 
of DAT1, 5-HTT, and DRD4 are thought to be amplified for individuals in certain 
positive or negative environments (Belsky and Pluess, 2009). The effects of these 
three candidate genes in combination with the social environment will be studied 
in this thesis.
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THE SOCIAL ENVIRONMENT
The social environment plays an important part in child development (Hertzman and 
Boyce, 2010). When children are young they learn through interactions with their 
parents, and later with peers as well. Two aspects of the social environment will be 
investigated in this thesis: parental expressed emotions (EE; warmth and criticism) 
and peer affiliation (positive and deviant). Parental EE quantifies the attitudes and 
emotions expressed towards family members (Daley et al., 2003). High negative EE 
in parents is considered a risk factor for both emotional and behavioural problems 
(Hirshfeld et al., 1997, Daley et al., 2003, Asarnow et al., 2001). With regard to 
ADHD, negative EE has been related to higher levels of ADHD symptoms in children 
(Psychogiou et al., 2007, Peris and Hinshaw, 2003) and parents have been found to 
express more negative EE towards their children with ADHD compared to controls 
or unaffected siblings (Cussen et al., 2012, Keown, 2010, Cartwright et al., 2011). 
Some studies suggest negative EE is related to comorbid oppositional and conduct 
problems rather than ADHD per se (Psychogiou et al., 2007, Keown, 2012, Peris and 
Hinshaw, 2003, Cartwright et al., 2011, Pfiffner et al., 2005). Little is known about 
the stability of EE over time, as so far studies have revealed mixed results (Peris and 
Baker, 2000, Hale et al., 2011, Hastings et al., 2006, Bird et al., 2008).
Peer affiliation refers to the type of peer friendships a child has. Deviant peer 
affiliation in adolescence is predictive of later drug use, violence and psychiatric 
disorders, such as Substance Use Disorder (Petraitis et al., 1998, Henry et al., 2001, 
Cornelius et al., 2007). In contrast, prosocial peer affiliation has been suggested to 
protect against the development of antisocial behaviours (Burt and Klump, 2014, 
Hicks et al., 2009). ADHD is associated with more deviant peer affiliation (Marshal 
et al., 2003, Pires and Jenkins, 2006), but studies on positive peer affiliation 
and children with ADHD appear to be absent. Deviant peer affiliation has even 
been shown to mediate associations between ADHD and later substance use or 
smoking activity (Marshal and Molina, 2006, Marshal et al., 2003, Laucht et al., 
2007). Importantly, most studies have focused on detrimental effects of negative 
parenting or peer influences, leaving possible protective effects of positive social 
environments underinvestigated, especially in relation to ADHD. Therefore, the 
focus in this thesis lies on both positive and negative parental and peer influences 
in children, adolescents, and young adults with and without ADHD. 
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GENE-ENVIRONMENT INTERACTIONS
Genetic and environmental influences are not isolated from one another. Genes 
and environment continuously work together when shaping brain, cognition, and 
behaviour (Gu and Kanai, 2014, Hyde et al., 2011). There are different theoretical 
models on how and why genetic and environmental influences and experiences 
interact. Most commonly applied are the diathesis-stress or dual risk models, also 
referred to as vulnerability models (Zubin and Spring, 1977, Monroe and Simons, 
1991). Here, genes are viewed as vulnerability or risk factors that moderate effects 
of adverse environments, but have no effect in beneficial environments (see Box 
1 - Figure A). Recently gaining increased attention in research, the differential 
susceptibility theory extends this view by suggesting certain genes act as plasticity 
genes; i.e., not only do they moderate the effects of negative influences, but of 
positive influences as well, and in a “for better and for worse” fashion, see Box 1 - 
Figure B (Belsky, 1997, Belsky et al., 2009, Belsky et al., 2007, Ellis et al., 2011). For 
example, it has been shown that individuals carrying specific gene variants display 
the worst outcome when exposed to negative environments, but also benefit most 
from positive environments (Belsky and Pluess, 2013, Beaver and Belsky, 2012). 
According to the differential susceptibility theory, individuals differ in their 
susceptibility toward environmental experiences to serve an evolutionary purpose 
(Belsky and Pluess, 2013). That is, while in positive circumstances it is rewarding 
to be susceptible to environmental experiences (or “developmentally plastic”), 
being less or not susceptible would ‘pay-off’ in harsh circumstances. To put it in 
evolutionary terms, for an optimal survival of a species it would be useful to have 
offspring that differs in their degree of susceptibility (Ellis et al., 2011, Belsky et al., 
1991, Belsky and Pluess, 2013). It is suggested that genetic variants, physiological 
reactivity, and temperament contribute to an individual’s susceptibility. Support for 
the differential susceptibility theory comes from various studies in other contexts, 
although there have also been negative findings (see for a recent review Belsky 
and Pluess, 2013). Most of these studies have investigated susceptibility in relation 
to behavioural outcome measures, though evidence for cognitive and neural 
measures is emerging as well. Similarly, the DAT1, DRD4 and 5-HTT genes have 
predominantly been associated with behavioural, cognitive, and neural outcomes 
directly. However, more recently they have also been studied in combination with 
the environment and shown to act as plasticity genes - up to now mostly with 
behavioural outcome measures (Belsky and Pluess, 2009).
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BOX 1 - Models of Gene-Environment Interactions
A. Diathesis-stress/Dual risk1
In diathesis-stress or dual risk models (Monroe and Simons, 1991, Zubin and 
Spring, 1977) genes are viewed as vulnerability or risk factors that moderate 
the effects of adverse environments (solid line in grey area), but have no 
effect in beneficial environments. Individuals that are resistant to negative 
effects of adversity are characterised as resilient (dotted line).
B. Differential Susceptibility1
The differential susceptibility theory (Belsky and Pluess, 2009) states that 
individuals differ in their susceptibility toward environmental experiences due 
to so-called plasticity gene variants, in a “for better and for worse” fashion. 
Included environmental predictors and outcome measures should range 
from negative to positive. When comparing low versus high susceptibility a 
cross-over interaction should be present (as above). 
O
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Environment
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It is important to note that diathesis-stress or differential susceptibility (or vantage 
sensitivity - see Box 1) are not mutually exclusive; rather it is thought that in some 
cases gene variants act as vulnerability alleles, while in other cases as susceptibility 
or plasticity variants. However, it is still unclear whether the same polymorphisms 
can act as vulnerability and plasticity factors in different circumstances, and which 
circumstances or conditions contribute to this functional distinction (Belsky et al., 
2009, Belsky and Pluess, 2013). 
As mentioned above, GxE research in ADHD is still in its infancy. The evidence so far 
suggests GxE operate in ADHD, with the DAT1, DRD4, and 5-HTT genes investigated 
most often (Nigg et al., 2010). Relatively consistent evidence has been found for 
GxE involving psychosocial factors, while less evidence is present for GxE effects 
with pre-and perinatal factors (see for a review Nigg et al., 2010). Importantly, in 
this literature too the focus has been primarily on negative effects of adversity. 
In this thesis we combine several lines of research by including both positive and 
 
BOX 1 CONTINUED - Models of Gene-Environment Interactions
C. Vantage Sensitivity2
Opposite to the vulnerability models, vantage sensitivity (Pluess and Belsky, 
2012) suggests that individuals benefit exclusively from positive environments 
(solid line in grey area) due to individual characteristics (vantage-sensitivity 
factors), with no effects in adverse environments. Individuals that do not 
benefit from positive experience are labelled vantage resistant (dotted line).
1Figure inspired by Bakermans-Kranenburg and van IJzendoorn (2007) 
2Figure inspired by Pluess and Belsky (2012)
+ 
- 
Negative          Positive 
Environment
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negative social environments and investigating differential susceptibility in relation 
to behavioural, cognitive, and neural outcome measures in individuals with and 
without ADHD.  
FROM BEHAVIOUR TO BRAIN
In the present work a broad range of outcome measures are included, ranging from 
behaviour to the brain. Below the importance of social behaviour (chapters 2 and 
3), reward sensitivity (chapter 4), inhibition (chapter 5), and brain volumes (chapter 
6) are described for the general population and in relation to ADHD.
SOCIAL BEHAVIOUR
Problems in social behaviour can impact a child’s psychological, social, and/ or 
educational functioning in significant ways (Frick, 2004). Antisocial behaviour 
or Conduct Disorder (CD) problems refer to actions in which the basic rights of 
others or age-appropriate societal norms or rules are violated (APA, 2013). These 
problems are negatively related to prosocial behaviour (Hay et al., 2010), which 
is not considered the opposite of antisocial behaviour, but includes committing 
voluntary acts with the intention of benefitting others (Stoltenberg et al., 2013, Hay 
et al., 2010). Prosocial behaviour has been related to lower rates of behavioural 
problems in later childhood (Hay and Pawlby, 2003) and appears to have a protective 
effect on developing CD (Haemaelaeinen and Pulkinnen, 1996). CD together with 
Oppositional Defiant Disorder (ODD) are two of the most common comorbidities in 
ADHD, with a prevalence between 15 and 60 % (Connor et al., 2010). Children with 
clinical ADHD, ODD, and/or CD problems show less prosocial behaviour than other 
children (Hay et al., 2010, Paap et al., 2013). The presence of comorbid ODD or 
CD problems can negatively affect the prognosis of ADHD, family functioning, and 
educational perspectives (Connor et al., 2010, Steiner et al., 2007). In chapter 2 we 
will focus on comorbid ODD and CD problems in (pre)adolescents with ADHD, and 
in chapter 3 both antisocial and prosocial behaviour will be investigated. 
REWARD SENSITIVITY
Reward sensitivity is an evolutionary important construct; because rewards are 
accompanied by positive feelings, they reinforce reward-linked behaviour. This 
process of reinforcing behaviour forms the basic principle of learning (Blaukopf 
and DiGirolamo, 2007). Yet, if an individual is highly sensitive to rewards, this can 
lead to maladaptive behaviour, such as risky behaviour and addictions. Especially 
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during adolescence, reward sensitivity is heightened, which is demonstrated by 
increased risky behaviour when rewards are at stake (Galvan, 2010). Apart from 
the risk involved in heightened sensitivity to rewards, current theoretical models 
of ADHD consider altered reward sensitivity also to be a core etiological factor 
(Luman et al., 2010, Plichta and Scheres, 2013, Sonuga-Barke, 2011). Several 
variants have been proposed, e.g., the dynamic developmental theory (Sagvolden 
et al., 2005), dopamine transfer deficit theory (Tripp and Wickens, 2008), and the 
dual pathway model (Sonuga-Barke, 2002, Sonuga-Barke, 2003) - see Luman et al. 
(2010) for an extensive review. In general, studies find that individuals with ADHD 
are more sensitive to rewards than healthy controls (Fairchild, 2011). This sensitivity 
is demonstrated by quicker responses on tasks which lead to rewards, but also by a 
preference of immediate smaller over larger delayed rewards (Luman et al., 2005, 
Luman et al., 2010). 
Besides behavioural sensitivity, neural reward sensitivity has been shown by studies 
using functional magnetic resonance imaging (fMRI). fMRI is used to assess changes 
in brain activity by measuring alterations in blood flow after a stimulus (i.e., with the 
blood-oxygen-level-dependent [BOLD] contrast). Various brain regions, including 
the orbitofrontal cortex, medial prefrontal cortex, and the ventral striatum are 
activated in healthy subjects when receiving or anticipating rewards (Haber and 
Knutson, 2010, Sescousse et al., 2013, Bartra et al., 2013, Diekhof et al., 2012, Liu et 
al., 2011). Also participants with ADHD included in this thesis have been shown to 
display both heightened behavioural and neural reward sensitivity. In comparison 
to controls, increased activations were found in the anterior cingulate and anterior 
frontal cortex during reward anticipation, and in the orbitofrontal cortex and 
nucleus accumbens during reward receipt (von Rhein et al., 2015). This is in line 
with previous studies demonstrating increased reward-related activations in ADHD 
(Furukawa et al., 2014, Paloyelis et al., 2012, Plichta et al., 2009, Strohle et al., 2008) 
and a community study associating increased activation with impulsivity, a related 
concept (Kennis et al., 2013). However, findings are not yet consistent as studies in 
adolescents and (young) adults with ADHD have also reported less striatal activation 
during reward anticipation compared to controls (Furukawa et al., 2014, Plichta 
and Scheres, 2013). Thus, we aim to expand our understanding of interindividual 
differences in behavioural and neural reward sensitivity by studying GxE effects and 
the role of ADHD severity herein in chapter 4. 
RESPONSE INHIBITION
Response inhibition is one aspect of cognitive control. Attention, behaviour, thoughts, 
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and emotions are regulated through inhibition processes executing top-down 
cognitive control (Miyake et al., 2000, Diamond, 2013). Specifically, response 
inhibition is the ability to control oneself by suppressing or altering intended actions 
that are no longer required or appropriate (Diamond, 2013). Adequate response 
inhibition thus enables people to properly adapt to changes in the environment 
(Logan et al., 1984). Impaired response inhibition is central to theoretical models 
of ADHD (Lipszyc and Schachar, 2010, Alderson et al., 2007, Oosterlaan et al., 1998, 
Barkley, 1997). For example, it has been argued that response inhibition is a central 
deficit of ADHD in that it affects multiple executive functions, including working 
memory, self-regulation, internalization of speech, and reconstitution (Barkley, 
1997, Alderson et al., 2007, Oosterlaan et al., 1998). On average, individuals with 
ADHD inhibit their responses more slowly than controls, with a meta-analysis 
reporting a medium effect-size of 0.62 (Lipszyc and Schachar, 2010). In addition, a 
large community study showed that ADHD symptoms in children and adolescents 
are associated with worse response inhibition and slower response latency (Crosbie 
et al., 2013). 
When looking at the brain, fMRI studies in healthy participants have found a core 
network of brain regions involved in response inhibition, including a frontal-striatal 
and frontal-parietal network (Aron, 2011, Chambers et al., 2009, Simmonds et 
al., 2008, Aron et al., 2007, Garavan et al., 2006). Most consistently, children and 
adolescents with ADHD show decreased activation in frontal, medial and parietal 
regions during inhibitions when compared with controls (Hart et al., 2013, Dickstein 
et al., 2006), while for adults with ADHD hyperactivation has also been reported 
(Sebastian et al., 2014, Congdon et al., 2014). Participants with ADHD included 
in this thesis have also been shown to display worse inhibition and decreased 
activations in the inferior, superior and medial gyri; temporal- parietal junction; and 
anterior cingulate cortex compared to controls (Van Rooij, 2015). In chapter 5 we 
will investigate GxE as a possible contributing mechanism to behavioural and neural 
variability in response inhibition and whether this is dependent on ADHD severity. 
TOTAL AND SUBCORTICAL BRAIN VOLUMES
During development the maturing brain shows dynamic changes in grey 
(neuronal cell bodies) and white matter (myelinated axons) (Brain Development 
Cooperative, 2012). Longitudinal developmental studies using structural MRI have 
demonstrated that overall cortical and subcortical grey matter (GM) volumes 
show curvilinear or ‘inverted-U’-like developmental trajectories with age, with 
the steepest growth found in early childhood and reductions reported from (pre)
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adolescence onwards, although there is quite an amount of heterogeneity (Brain 
Development Cooperative, 2012, Raznahan et al., 2014, Wierenga et al., 2014). 
In contrast, white matter increases over development (e.g., Brain Development 
Cooperative, 2012). Differences in brain structure have been linked to variability 
in a large range of behaviours (Kanai and Rees, 2011). Relative to normative brain 
maturation, reductions of total brain volume or grey matter have been linked to 
various forms of psychopathology including ADHD (Frodl and Skokauskas, 2012, 
Goodkind et al., 2015). Specifically with regard to ADHD, compared with controls, 
smaller total brain and subcortical volumes for the globus pallidus, putamen, and 
caudate have been reported (Valera et al., 2007, Ellison-Wright et al., 2008, Frodl 
and Skokauskas, 2012, Castellanos et al., 2002, Durston et al., 2004, Nakao et al., 
2011, Castellanos et al., 1996). Also for participants included in this thesis global 
reductions in total grey matter volume and developmentally sensitive caudate and 
putamen alterations were associated with ADHD (Greven et al., 2015). This is in 
agreement with different developmental trajectories found for cortical thickness 
and subcortical volumes when compared to healthy controls (Greven et al., 2015, 
Shaw et al., 2013, Shaw et al., 2007). These results emphasize the importance of 
a developmental focus when investigating structural brain alterations related to 
ADHD. In this thesis, we investigate whether differences in brain volumes can be 
explained by GxE and whether these are developmentally stable in a large sample 
of children, adolescents, and young adults with and without ADHD in chapter 6. 
THESIS AIMS AND OUTLINE 
The overall aim of this thesis is to advance our understanding of the mechanisms 
involved in phenotypic, cognitive, and neural correlates of ADHD by studying 
the effects of the social environment, dopaminergic and serotonergic plasticity 
genes, and their interaction. We will use the differential susceptibility theory as 
a conceptual framework and extend prior work in several ways by (a) examining 
not only behavioural, but cognitive and neural outcomes as well, (b) focusing on 
the impact of the negative and positive sides of social environments, and (c) using 
a sample with a broad age range of children, adolescents, and young adults (to 
investigate the role of development). 
In chapter 2 we examine cross-sectional and longitudinal relationships between 
maternal EE (warmth and criticism) and maternal psychopathology on the one hand, 
and the severity of ADHD, oppositional, and conduct problems in (pre)adolescents 
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with ADHD on the other hand, using the IMAGE and NeuroIMAGE samples (see Box 
2). This longitudinal design enables us to determine whether maternal EE contributes 
to child externalizing behaviour or vice versa, child externalizing behaviour to 
maternal EE, above and beyond effects of maternal psychopathology on maternal 
EE and childhood externalizing behaviour. The remaining empirical chapters focus 
on the interaction between the DAT1, DRD4, and 5-HTT genes and the social 
environment using the NeuroIMAGE sample. Chapters 3-5 study the applicability of 
the differential susceptibility theory; that is, whether included candidate plasticity 
genes moderate social environmental influences in a for better and worse fashion. 
Chapter 3 explores GxE with maternal EE in prosocial and antisocial behaviour. 
Thereafter, we include positive and deviant peer affiliation next to EE as a proxy 
of the social environment, and investigate GxE effects on behavioural and neural 
reward sensitivity (chapter 4) and response inhibition (chapter 5). Chapter 6 
examines GxE effects within a developmental perspective in total and subcortical 
brain volumes related to ADHD. Finally, chapter 7 provides a summary of all relevant 
findings, which are reviewed and discussed in chapter 8. 
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IMAGE 
From 2003 to 2006 participants were recruited through child psychiatric 
clinics in the Netherlands as part of the International Multicenter ADHD 
Genetics (IMAGE) project (Müller et al., 2011a, Müller et al., 2011b). A 
consortium of eight countries conducted the IMAGE project, thereby 
aiming to identify genetic risk factors for ADHD. Families were included if 
they had at least one child with an ADHD combined diagnosis (proband) 
and at least one biological sibling (regardless of gender or ADHD diagnostic 
status). In addition, control families were recruited from primary and high 
schools from the same geographical regions of participating ADHD-families. 
Controls were required to have no formal or suspected ADHD diagnosis. 
All children were Caucasians of European descent, between 5-19 years, 
had an IQ ≥ 70, and no diagnosis of autism, epilepsy, general learning 
difficulties, brain disorders or known genetic disorders (such as Fragile X or 
Down syndrome). Extensive phenotypic, neuropsychological, and genotypic 
information was collected. 
NEUROIMAGE 
Between 2009 and 2012 all Dutch families of the IMAGE project were 
re-invited for a follow-up study - the NeuroIMAGE project (www.neuroimage.
nl; von Rhein, 2014). The aim of NeuroIMAGE was to enrich the database 
of the Dutch IMAGE samples with structural and functional MRI, follow-up 
data of clinical status, behavioural and neuropsychological assessments of 
children, and comparable phenotypic and neuropsychological measures 
of parents. To balance out gender and age differences, a number of new 
families were recruited. Families were invited at one of two sites, i.e., the VU 
Amsterdam or Radboudumc Nijmegen. In total, 323 ADHD families and 153 
control families participated in NeuroIMAGE.
BOX 2 - Study Samples
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ABSTRACT
Background: Attention-Deficit/Hyperactivity Disorder (ADHD) is associated with 
conflicted parent-child relationships. The underlying mechanisms of this association 
are not yet fully understood. We investigated the cross-sectional and longitudinal 
relationships between externalizing psychopathology in children with ADHD, and 
Expressed Emotion (EE; warmth and criticism) and psychopathology in mothers.
Methods: In this six year follow-up study 385 children with an ADHD combined 
subtype were included at baseline (mean = 11.5 years, 83.4 % male), of which 285 
children (74 %) were available at follow-up (mean = 17.5 years, 83.5 % male). At both 
time points, measures of child psychopathology (i.e., ADHD severity, oppositional, 
and conduct problems), maternal EE, and maternal psychopathology (i.e., ADHD 
and affective problems) were obtained.
Results: EE was not significantly correlated over time. At baseline, we found a 
nominally negative association (p ≤ .05) between maternal warmth and child 
ADHD severity. At follow-up, maternal criticism was significantly associated with 
child oppositional problems, and nominally with child conduct problems. Maternal 
warmth was nominally associated with child oppositional and conduct problems. 
These associations were independent of maternal psychopathology. No longitudinal 
associations were found between EE at baseline and child psychopathology at 
follow-up, or child psychopathology at baseline and EE at follow-up.
Conclusions: The results support previous findings of cross-sectional associations 
between parental EE and child psychopathology. This, together with the finding that 
EE was not stable over six years, suggests that EE is a momentary state measure 
varying with contextual and developmental factors. EE does not appear to be a risk 
factor for later externalizing behaviour in children with ADHD.
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INTRODUCTION
Attention-Deficit/Hyperactivity Disorder (ADHD) is associated with greater family 
stress, parental psychopathology and conflicted parent-child relationships (Deault, 
2010). The underlying mechanisms of these associations are not yet fully understood. 
A frequently applied measure of family relationships is parental expressed emotion 
(EE) (Daley et al., 2003). EE quantifies the attitudes and emotions expressed 
towards family members (Daley et al., 2003). We know from community studies 
that negative parental EE is related to higher levels of ADHD symptoms in children 
(Peris and Hinshaw, 2003, Psychogiou et al., 2007). Likewise, parents express more 
negative emotions towards their child with an ADHD diagnosis compared with 
controls (Keown, 2010, Cussen et al., 2012) or unaffected siblings (Cartwright et 
al., 2011). Moreover, family functioning is more problematic in children with ADHD 
who have comorbid oppositional and conduct problems (Deault, 2010). Consistent 
with this, negative EE has been associated with comorbid behaviour problems in 
children with ADHD (Pfiffner et al., 2005, Sonuga-Barke et al., 2009, Cartwright 
et al., 2011). However, it is unclear whether negative EE is driven by comorbid 
externalizing behaviours or by ADHD per se (Peris and Baker, 2000, Psychogiou et 
al., 2007, Keown, 2012).
So far, most research has focused on a parent effect model as an explanation for the 
association between EE and child psychopathology (Schwartz et al., 1990, Asarnow 
et al., 1994, Hirshfeld et al., 1997). That is, it is assumed that negative EE aggravates 
the course of child psychopathology (symptoms) over time. However, the reverse 
has also been considered (Cartwright et al., 2011, Hale et al., 2011), i.e., high levels of 
parental critical EE could be a consequence rather than a determinant of behaviour 
problems of a child. Raising a child with ADHD is associated with increased parenting 
stress and could easily lead to feelings of frustration and irritability in the parents 
who, in turn, negatively express these feelings towards their child (Deault, 2010). 
In line with this, it has been argued that negative parenting starts as a reaction to 
the ADHD behaviour of children. Subsequently, negative parenting increases the 
possibility of developing oppositional behaviours in children with ADHD (Taylor et 
al., 1996, Psychogiou et al., 2008). This in turn may enhance negative parenting, 
causing a negative spiral of child behaviour affecting parenting, and parenting 
affecting child behaviour.
Parental psychopathology could play an important role in the negative emotions 
parents express towards their children. Parents of children with ADHD have higher 
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rates of psychopathology (Biederman, 1995, Margari et al., 2013) and parental 
ADHD and depression have been found to be associated with negative EE (Lovejoy 
et al., 2000, Peris and Hinshaw 2003, Foster et al., 2008, Cartwright et al., 2011, 
Sonuga-Barke et al., 2013). For parental ADHD the relation might be more complex 
as one study found parental response to children with high ADHD symptoms 
was more positive when mothers also had high ADHD symptoms (Psychogiou et 
al., 2008). Hence ADHD could even be a ‘protective’ factor for parental EE, when 
parental ADHD is considered in the relationship. 
To shed light on the direction of effect between parental EE and child externalizing 
psychopathology one needs family studies that use a multilevel approach thereby 
teasing apart family and child effects, or longitudinal designs. Few studies have done 
so, with mixed results regarding the direction of effects. One study reported both 
child and family effects on parental EE, depending on the statistical approach used 
(Cartwright et al., 2011, Sonuga-Barke et al., 2013). As for longitudinal studies, some 
revealed EE was predictive of later psychopathology over and beyond the predictive 
effect of baseline child psychopathology (Taylor et al., 1996, Loeber et al., 2009, 
Keown, 2012). However these studies did not measure EE at follow-up, therefore a 
bidirectional relationship between EE and child psychopathology cannot be ruled 
out. Of the studies that did involve follow-up measures of EE, one found preschool 
EE predicted ADHD diagnosis 4 years later (Peris and Baker, 2000), a second did not 
reveal longitudinal associations between EE and externalizing behaviour over a period 
of 2 years (Hastings et al., 2006), and a third showed child externalizing behaviour 
predicted maternal EE in the subsequent year (Hale et al., 2011). Longitudinal studies 
also reveal mixed results concerning the stability of EE (Peris and Baker 2000, 
Hastings et al., 2006, Bird et al., 2008, Hale et al., 2011). Studies that have assessed 
the psychometric properties of EE measures like the Five Minute Speech Sample 
(FMSS) and Camberwell Family Interview (CFI) have suggested a low stability of EE 
over periods of 6 months or longer in parents of young children (Daley et al., 2003). 
Moreover, none of the longitudinal studies used a clinical ADHD sample, leaving the 
association and direction of the relationship underinvestigated in children with ADHD. 
In this six year follow-up study on children with an ADHD combined subtype 
diagnosis, we set out to investigate (a) the relationship between maternal EE and 
child psychopathology above the possible role of maternal psychopathology; (b) 
whether maternal EE is a risk factor for later externalizing behaviour problems or 
vice versa, child externalizing behaviour a risk factor for negative maternal EE; 
and (c) whether maternal EE remains stable over time. 
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METHODS
PARTICIPANTS
From 2003 to 2006 participants were recruited through child psychiatric clinics in the 
Netherlands as part of the International Multicenter ADHD Genetics (IMAGE) study 
(Müller et al., 2011a, 2011b). Families were included in IMAGE if they had at least 
one child with an ADHD combined diagnosis (proband) and at least one additional 
sibling (regardless of gender or ADHD diagnosis). All children were Caucasians of 
European descent, between 5-19 years, had an IQ ≥ 70, and no diagnosis of autism, 
epilepsy, general learning difficulties, brain disorders or known genetic disorders 
(such as Fragile X or Down syndrome). For the follow-up measurement, all family 
members were re-invited, with a mean follow-up period of 5.9 years (SD = .72) (see 
www.neuroimage.nl for a description of the study). In this study 385 participants 
(from 270 families with one affected child and 54 families with two or more affected 
children) with an ADHD combined subtype diagnosis and a measurement of EE 
were included at baseline, of which data on 285 participants (from 212 families 
with one affected child and 33 families with two or more affected children) were 
available at follow-up. At follow-up 83.9 % of the participants still had a diagnosis 
of ADHD (50.2 % Combined, 41.0 % Inattentive and 8.8 % Hyperactive/Impulsive 
subtype). Informed consent was signed by all participants at both time points 
(parents signed informed consent for participants under 12 years of age), and the 
study was approved by the ethical committee (Centrale Commissie Mensgebonden 
Onderzoek).
DIAGNOSTIC ASSESSMENT
At baseline screening questionnaires filled in by parents and teachers (long 
versions of the Conner’s rating scales, [CPRS-R:L] and [CTRS-R:L], Conners, 1998; 
and Strengths and Difficulties Questionnaire [SDQ], Goodman, 1997) and a semi-
structured, standardized, investigator-based interview (Parental Account of 
Children’s Symptoms [PACS], Taylor, 1986, Brookes et al., 2006) were used in a 
standardized algorithm to identify children with ADHD symptoms (Rommelse et 
al., 2007). A clinical diagnosis was present for probands before inclusion. When 
probands and siblings screened positive, diagnostic interviews were conducted. A 
more detailed description of the screening procedure and ADHD phenotyping is 
provided by Brookes et al. (2006). 
At follow-up a standardized algorithm was applied again to a combination of 
a parent-rated questionnaire (CPRS-R:L, Conners et al., 1998a) and either a 
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teacher-rating (CTRS-R:L, Conners et al., 1998b; applied for participants < 18 years) 
or a self-report (Conners’ Adult ADHD Rating scales - Self Report: Long Version 
[CAARS-S:L], Conners et al., 1999; applied for participants ≥ 18 years), and the 
Dutch translation of the Schedule for Affective Disorders and Schizophrenia for 
School-Age Children - Present and Lifetime Version (Kaufman et al., 1997), carried 
out by trained professionals. For an in-depth description of the diagnostic algorithm, 
see www.neuroimage.nl.
MEASURES
Child psychopathology. Dimensional ratings of child psychopathology were 
obtained at each time point. At both baseline and follow-up the Dutch CPRS-R:L was 
used to assess ADHD severity and oppositional problems in children (i.e., T-scores 
of scale N and scale A of the CPRS-R:L respectively; Conners et al., 1998a). Conduct 
problems were assessed at both time points by means of the conduct problems 
scale of the Dutch SDQ completed by parents (van Widenfelt et al., 2003). 
Parental expressed emotion. At both time points parental expressed criticism 
and warmth were assessed during the structured clinical interviews (i.e., PACS at 
baseline; K-SADS at follow-up), using codings derived from the Camberwell Family 
Interview (Brown, 1966). As the data of fathers were far less complete, we only 
used the ratings of mothers in this study. Warmth was assessed by the tone of voice, 
spontaneity, sympathy, and/or empathy toward the child. Scores ranged from 0 
(little warmth) to 3 (a great deal of expressed warmth) (Sonuga-Barke et al., 2009). 
Criticism was assessed by statements which criticized or found fault with the child 
based on tone of voice and critical phrases. Scores on criticism ranged from 0 (no 
expressed criticism) to 4 (a lot of expressed criticism) (Sonuga-Barke et al., 2009). 
The inter-rater reliability has been found to be adequate using similar codings for 
warmth and criticism (ranging from .78 -.91 and .79 -.86 respectively; Schachar et 
al., 1987). At baseline an average agreement percentage of 96.6 % (range 78.6-100) 
and a mean Kappa coefficient of .88 (range .71-1.00) were obtained across all sites 
for the total PACS, including the EE ratings (Chen and Taylor, 2006).  
Parental psychopathology. At baseline maternal ADHD problems were assessed 
by the Dutch ADHD self-report questionnaire (Kooij et al., 2005). At follow-up 
ADHD problems were measured by the Dutch version of Conners’ Adult ADHD 
Rating Scale – Self-Report: Short Version [CAARS-S:S]; Conners et al., 1999). For 
both questionnaires all item scores were summarized into a total score and then 
transformed into a z-score. To assess maternal affective problems (e.g. symptoms 
400203-L-bw-Richards
EXPRESSED EMOTION AND CHILDREN WITH ADHD
37
of depression and anxiety), the 12 and 28 item version of the General Health 
Questionnaire [GHQ]; Koeter and Ormel, 1991) were used at baseline. A subsample 
of 105 mothers completed the GHQ-12 and 99 mothers completed the GHQ-28. A 
4-point likert scoring was used on the items to generate total scores which were 
subsequently transformed into z-scores. At follow-up, maternal affective problems 
were measured by the Dutch version of the Kessler-10 [K10]; Donker et al., 2010). 
Standardized total scores were calculated after applying a 5-point likert scoring 
 to the items.
MISSING DATA
At baseline less than 5 % of the data were missing for the child conduct problems, 
maternal criticism and maternal ADHD measures. Maternal affective problems 
were assessed in a subsample of 236 participants (38.7 % missing). At follow-up, 
data were missing for less than 5 % for the child ADHD, oppositional and maternal 
ADHD measures. For the maternal affective problems measure 6.7 % of the data 
were missing, for the maternal EE measure 18.3 % were missing and for the child 
conduct problems measure 23.9 % were missing. All missing data were replaced 
using multiple imputations (see data analyses section). Of the 385 children that 
were included at baseline, 74.0 % (n = 285) participated at follow-up. These children 
did not differ significantly from the children who did not participate at follow-up on 
maternal EE, age, ADHD, oppositional or conduct problems (p > .141). This suggests 
that the sample in the follow-up study was representative of the initial study sample. 
DATA ANALYSES
Pearson correlation analyses were calculated to investigate the stability of maternal 
EE over time. Generalized Estimated Equations (GEE) with a linear regression model 
and robust estimators were used to test for an association between maternal EE 
and child psychopathology. Family number was used as repeated measure and the 
structure for working correlation matrices was set to exchangeable, to correct for 
the familial dependency within the sample. 
First, for both time points, cross-sectional analyses were carried out separately 
for ADHD, oppositional, and conduct problems. The following potential predictors 
of child psychopathology were assessed: age, sex, ADHD medication use of the 
child, EE, maternal affective problems, and maternal ADHD problems. Because 
maternal warmth and criticism were correlated (but not strong enough to create 
one variable; r = -.49 at baseline and r = -.50 at follow-up), they were investigated 
separately in each analysis. Second, longitudinal analyses were performed with the 
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baseline measures as potential predictors (i.e., age, sex, ADHD medication use, and 
psychopathology of children, and affective problems, ADHD problems, and EE of 
mothers) of child psychopathology at follow-up. Third, longitudinal analyses were 
carried out with the baseline child and follow-up maternal measures as potential 
predictors of maternal EE at follow-up. 
P-values are reported based on the pooled results of ten imputations. A False 
Discovery Rate (FDR) correction was employed to correct for multiple comparisons 
using a q-value of 0.05 (Benjamini and Hochberg 1995). All analyses were performed 
with the Statistical Package for the Social Science, version 20.0.
RESULTS
TABLE 1 - Participant characteristics at baseline (T1) and follow-up (T2)
T1 T2 Pairwise 
time com-
parison
(p ≤ .001)
n = 385 n = 285
 M SE Range  M SE Range
Child characteristics
     % Male 83.40 83.50
     % ADHD diagnosis 100.00 83.86
     % ADHD Medication use 87.00 91.23
     Age 11.51 .14 5.4-18.0 17.50 .16 10.9-24.5
Child psychopathology
    ADHD severity 76.31 .47 45-90 69.08 .81 40-90 T1 > T2
    Oppositional problems 67.28 .61 40-90 60.00 .74 40-90 T1 > T2
    Conduct problems 4.03 .12 0-10 2.94 .15 0-10 T1 > T2
Parental Expressed Emotion
    MEE warmth 1.46 .05 0-3 1.52 .06 0-3 T1 = T2
    MEE criticism 1.81 .05 0-4 1.77 .06 0-4 T1 = T2
Parental psychopathology
    Maternal ADHD problems .00 .05 -1.3-3.1 .00 .06 -1.3-3.7
    Maternal affective problems .01 .06 -2.3-3.4 .00 .06 -1.3-4.5
Note: ADHD = Attention-Deficit/Hyperactivity Disorder. MEE = Maternal Expressed Emotion. ADHD diagnosis of 
children at follow-up included Combined, Inattentive and Hyperactive/ Impulsive subtype. Z-scores are displayed 
for maternal ADHD and affective problems.
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CHILD AND MATERNAL PSYCHOPATHOLOGY
Table 1 shows the participant characteristics at baseline and follow-up. Child ADHD, 
oppositional, and conduct problems scores were significantly lower at follow-up 
than at baseline (p < .001). At each time point, measures of child psychopathology 
were significantly correlated with each other (Table 2). In addition, child psycho-
pathology scores were positively correlated over time (Table 3). Likewise, mater-
nal ADHD and affective problems were significantly correlated with each other at 
both time points and over time. Maternal ADHD problems had the highest stability 
 (r = .67; Table 3). 
STABILITY OF MATERNAL EE
Dependent T-tests revealed that, on average, the levels of maternal warmth and 
criticism did not differ significantly over time (Table 1). Maternal warmth and crit-
icism were negatively correlated with each other, at both baseline and follow-up 
(Table 2). However, neither maternal warmth nor criticism proved to be stable over 
time, as was reflected by the absence of significant correlations between baseline 
and follow-up (Table 3). A small negative association was found between maternal 
warmth at baseline and criticism at follow-up.
TABLE 2 - Correlations between maternal expressed emotion, child psychopathology, 
and maternal psychopathology separate for baseline and follow-up
Measure
MEE 
warmth
MEE 
criticism
ADHD
severity
Opposi-
tional
problems
Conduct 
problems
Maternal 
ADHD 
problems
Maternal 
affective 
problems
MEE warmth ×   -.51** -.06 -.12 -.14 .02 .04
MEE criticism   -.51** × .14    .25**   .17* .04 .03
ADHD severity   -.15** .09 ×    .64**    .49**    .34**    .26**
Oppositional 
problems -.03 .04   .44
** ×    .70**    .31**   .25**
Conduct  
problems -.05 .07   .28
**    .66** ×    .15** .19*
Maternal ADHD 
problems -.05 .06   .20
**    .24**    .16** ×   .67**
Maternal affec-
tive problems -.02 .07  .12
* .11 .07    .22** ×
Note: ADHD = Attention-Deficit/Hyperactivity Disorder. MEE = Maternal Expressed Emotion. Correlations with 
MEE and child psychopathology were calculated using Pearson correlation coefficient, correlations with maternal 
psychopathology using Spearman correlation coefficient. Numbers under the diagonal represent correlations at 
baseline; numbers above the diagonal the correlations at follow-up.* Significant at p ≤ .05 ** Significant at p ≤ .01
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TABLE 3 - Correlations of maternal expressed emotion, child psychopathology, and 
maternal psychopathology between baseline and follow-up
T1 T2
Measure
MEE
warmth
MEE 
criticism
ADHD
severity
Opposi-
tional
problems
Conduct 
problems
Maternal 
ADHD 
problems
Maternal 
affective 
problems
MEE warmth   .08  -.14*   .00 -.07  .05 -.00  .03
MEE criticism -.04  .06 -.05  .05 -.04  .05 -.02
ADHD severity -.09  .13*    .26**  .09  .03   .14*  .07
Oppositional 
problems -.09    .15
**    .26**    .46**    .32**    .27**    .25**
Conduct prob-
lems  -.13
*  .13*    .20**    .40**    .43**  .14*    .21**
Maternal ADHD 
problems -.03 .05    .27
**    .17** .08   .67**    .51**
Maternal affec-
tive problems -.03      -.06 .05 .06 .05  .20
**   .21**
MATERNAL EE AND CHILD PSYCHOPATHOLOGY 
Examining the cross-sectional correlations between EE, maternal psychopathology, 
and child psychopathology (Table 2), maternal psychopathology and EE were found 
to be uncorrelated at both time points. All maternal and child psychopathology 
measures were associated with each other at both time points (p ≤ .05), with excep-
tion of maternal affective problems and child oppositional and conduct problems 
at baseline. Furthermore, at baseline maternal warmth was negatively correlated 
with child ADHD severity (p ≤ .01). At follow-up maternal criticism was significantly 
and positively related to child oppositional and conduct problems (p ≤ .05). When 
looking at the longitudinal associations (Table 3), we found child psychopathology 
at baseline was slightly, but significantly, correlated with maternal criticism and ma-
ternal ADHD problems at follow-up (p ≤ .05). Also, child oppositional and conduct 
problems at baseline were related to maternal affective problems at follow-up (p 
≤.05). Only maternal ADHD at baseline was associated with child ADHD severity and 
oppositional problems at follow-up (p ≤ .01). 
GEE linear regression analyses confirmed the cross-sectional correlations at base-
line between maternal warmth and child ADHD severity (p ≤ .05), and at follow-up 
Note: ADHD = Attention-Deficit/Hyperactivity Disorder. MEE = Maternal Expressed Emotion. Correlations with MEE 
and child psychopathology were calculated using Pearson correlation coefficient, correlations with maternal 
psychopathology using Spearman correlation coefficient.*Significant at p ≤ .05 **Significant at p ≤ .01
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between maternal criticism and child oppositional (p ≤ .01) and conduct problems 
(p ≤ .05; Figure 1 and Table S1). In addition, nominally negative associations were 
found between maternal warmth and child oppositional and conduct problems 
at follow-up (p ≤ .05). As for the longitudinal analyses, again only maternal ADHD 
problems at baseline predicted child ADHD severity at follow-up, when corrected 
for baseline child ADHD severity (p ≤ .01; Figure 1 and Table S2). Finally, child psy-
chopathology at baseline did not significantly predict maternal warmth or criticism 
at follow-up (Table S3).  
DISCUSSION
We investigated the cross-sectional and longitudinal relationships between mater-
nal EE and the severity of ADHD, oppositional and conduct problems in children 
with an ADHD combined subtype diagnosis. The possible influencing role of mater-
nal psychopathology was considered in these analyses. Measuring EE at two time 
points allowed us to not only examine the effects of maternal EE on child behaviour, 
but also of child behaviour on maternal EE. Finally, the design allowed us to study 
the stability of EE across time. 
The results showed that, over a period of six years, maternal EE is not stable. The 
instability of EE over this period of time, which is longer than in previous studies, 
appears nonetheless congruent with the literature (Daley et al., 2003). Next, we 
found different cross-sectional associations between EE and child psychopathology 
at each time point. At baseline, higher maternal warmth was linked with less severe 
ADHD of the child, whereas at follow-up, more maternal criticism was associated 
with more child oppositional and conduct problems and more maternal warmth 
with less child oppositional and conduct problems. However, our analyses did not 
reveal any longitudinal predictions for child psychopathology at follow-up from EE 
at baseline, or vice versa, for EE at follow-up from child psychopathology at base-
line. Our findings are in line with a study on children with Intellectual Disability, in 
which cross-sectional, but no longitudinal associations between parental EE and 
child externalizing behaviour were found (Hastings et al., 2006). Two studies that 
did find longitudinal predictions between EE and child externalizing psychopathol-
ogy point in different directions; one supporting a child effect model (Hale et al., 
2011) and the other a parent effect model (Peris and Baker, 2000). However, these 
studies both used community samples rather than an ADHD sample, making the re-
sults difficult to compare.  Finally, maternal psychology did not play a significant role 
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in the associations between EE and child psychopathology in the present study. This 
indicates that maternal EE is associated with child psychopathology above maternal 
psychopathology, which is in line with previous literature (Peris and Hinshaw, 2003).
An explanation for our different findings being significant cross-sectionally, but not 
longitudinally, can be provided by a developmental psychopathology perspective. 
This perspective emphasizes that next to continuous stressors with stable effects, 
each developmental stage comes with different vulnerabilities to specific influences 
and also provides new challenges for parents of children with ADHD (Deault, 2010). 
When children are younger, parents might be able to handle or accept more nega-
tive behaviour, but when children reach adolescence and beyond, parents expect 
better behaviour and therefore are more critical. This could explain why at baseline 
maternal warmth was associated with child ADHD severity, while at follow-up ma-
ternal criticism was related to child oppositional and conduct problems. In this way 
our findings reflect the ability of parents to cope with and react to their children’s 
behaviour at different developmental stages in different ways. This also fits with the 
fact that EE appears not to be a stable factor over time. 
A related theory is that at first negative parenting is a reaction to children’s ADHD 
behaviour. Subsequently, negative parenting increases the possibility of developing 
oppositional problems (Taylor et al., 1996, Psychogiou et al., 2008). This, however, 
does not fit with the fact that we did not find any predictions of child oppositional 
or conduct problems at follow-up from EE at baseline. It is still possible that this 
negative spiral of child behaviour affecting parenting, and parenting affecting child 
behaviour is a relevant mechanism over shorter time intervals but not over a longer 
period of six years.
To further complicate the matter, some children might be more genetically suscep-
tible to parental EE than others. The differential susceptibility theory is a quite new 
perspective on GxE interactions, which states that children carrying risk variants of 
so called plasticity genes, will be more at disadvantage in negative, but converse-
ly, more at advantage in positive environments (Belsky and Pluess, 2009, Ellis and 
Boyce, 2011). In fact, associations of maternal EE and comorbid conduct problems 
in children with ADHD have been found to be moderated by variants of plasticity 
genes (Sonuga-Barke et al., 2009). Including the genetic vulnerability of children 
could shed new light on the results presented in this paper.
This study had a number of strengths and possible limitations. Strengths of this 
study were the well characterized clinical sample and use of longitudinal follow-up 
400203-L-bw-Richards
CHAPTER 2
44
measurements with structured instruments. A possible limitation was the use of 
different questionnaires to assess maternal psychopathology; ideally the same 
measurements should be used over time as was done with the children’s measure-
ments. Next, our analyses were based on maternal EE. Future studies might include 
measures of paternal EE and examine the separate and combined effects of both 
paternal and maternal EE. Furthermore, while teacher and/or self-ratings were ob-
tained in the study, we included only parent ratings of child psychopathology in 
the analyses, because these parental data were more complete. Though past re-
search has shown similar associations between parental EE and child psychopathol-
ogy over multiple informants (Sonuga-Barke et al., 2009), future work might also 
include teacher and child self-report on ADHD and problem behaviour to address 
potential rater bias. Finally, in this study we focused on children with an ADHD com-
bined subtype diagnosis. It would be interesting to examine if the same associa-
tions are found in children with other ADHD subtypes. 
With respect to the clinical implications, the results of our study do not support 
targeting family-based interventions on modifying levels of parental EE in order 
to reduce externalizing behaviour problems in children with an ADHD diagnosis. 
However it would be premature to conclude that parenting and family-based inter-
ventions lack an evidence-base overall. For these interventions focus on a range of 
factors, including the structure and rule-setting of families, rather than EE alone. 
Studies investigating the effects of parent training on child externalizing behaviour 
have found evidence for its success (Hamilton and Armando, 2008, Zwi et al., 2011, 
Furlong et al., 2013). 
To conclude, our results support previous findings of cross-sectional associations 
between parental EE and child psychopathology, though these associations were 
not stable over time. These results, together with the finding that EE was not stable 
over six years, suggest that EE is a momentary state measure varying with con-
textual factors including the child’s psychiatric problems and developmental phase 
rather than a stable trait or attitude. EE does not appear to be a risk factor for later 
severity of externalizing behaviour in children with ADHD. As six years is quite a 
long period in child development, it could be further investigated if EE does remain 
stable for shorter periods of time in children with ADHD by including more frequent 
measurements of EE (e.g., every couple of months). In addition, future research 
may use multiple instruments as questionnaires and interviews to assess parental 
EE and examine whether genetic vulnerability or plasticity genes in the child mod-
erate the influences of EE on the severity (and course) of child psychopathology. 
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SUPPLEMENTARY INFORMATION CHAPTER 2
TABLE S1 - Linear regression analysis predicting children’s scores on psychopathology 
from maternal psychopathology, warmth, and criticism separate for baseline and  
follow-up
T1
ADHD 
severity
Oppositional 
problems
Conduct 
problems
 Model B SE β B SE β B SE β
1 Maternal affective problems .60 .49 .08 .50 .88 .05 .08 .17 .04
Maternal ADHD problems 1.53 .40 .16 2.73 .66 .22 .41 .12 .17
MEE warmth -1.00 .46 -.11 -.03 .66 .00 -.09 .14 -.04
2 Maternal affective problems .57 .48 .07 .49 .88 .05 .08 .17 .01
Maternal ADHD problems 1.55 .40 .16 2.73 .66 .22 .41 .12 .17
MEE criticism .65 .43 .07  .09 .61 .01  .14 .13 .06
T2
Model
ADHD 
severity
Oppositional   
problems
Conduct 
problems
B SE β B SE β B SE β
3 Maternal affective  problems .18 1.09 .01 -.27 1.15 -.02 .36 .22 .14
Maternal ADHD problems 3.72 1.07 .28 3.63 1.07 .29 .11 .23 .04
MEE warmth -.94 1.15 -.07 -2.08 1.03 -.17 -.41 .19 -.16
4 Maternal affective  problems .02 1.10 .00 -.58 1.17 -.05 .32 .22 .13
Maternal ADHD problems 3.77 1.09 .28 3.74 1.12 .30 .13 .23 .05
 MEE criticism 1.96 1.04 .12 4.09 .90 .28 .46 .20 .15
Note: ADHD = Attention-Deficit/Hyperactivity Disorder. MEE = Maternal Expressed Emotion. Findings in bold are 
significant after correction for multiple testing (p ≤ .01). Findings in italic are nominally significant (p ≤ .05). All 
analyses were corrected for sex, current age, and medication use of children. 
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TABLE S2 - Linear regression analysis predicting children’s scores on psychopathology at 
follow-up from maternal psychopathology, warmth, and criticism at baseline
T1 T2
Model
ADHD 
severity
Oppositional 
problems
Conduct
 problems
B SE β B SE β B SE β
1 Maternal affective problems -.21 .95 -.02 .12 .86 .01 .05 .16 .02
Maternal ADHD problems 2.78 .95 .20 .53 .79 .04 .02 .15 .01
MEE warmth .85 .84 .06 -.49 .70 -.04 .21 .15 .08
2 Maternal affective problems -.17 .94 -.01 .09 .87 .01 .06 .16 .03
Maternal ADHD problems 2.86 .94 .21 .50 .80 .04 .03 .15 .01
MEE criticism  -.92 .75 -.07  .81 .70 .06  -.12 .13 -.05
Note: ADHD = Attention-Deficit/Hyperactivity Disorder. MEE = Maternal Expressed Emotion. Findings in bold are 
significant after correction for multiple testing (p ≤ .01). Both analyses were corrected for sex, current age, medica-
tion use, and child psychopathology at baseline. 
TABLE S3 - Linear regression analyses predicting maternal expressed emotion at 
follow-up from child psychopathology at baseline
 
Model
Maternal warmth T2 Maternal criticism T2
B SE p B SE p
Maternal affective problems T2  -.06 .07 .40 .14 .08 .09
Maternal ADHD T2 .08 .07 .29 -.16 .08 .05
Child ADHD severity T1 .00 .01 .91 .00 .01 .74
Child oppositional problems T1 .00 .01 .58 .01 .01 .08
Child conduct problems T1 -.04 .03 .13 .02 .03 .58
Note: ADHD = Attention-Deficit/Hyperactivity Disorder. The analyses were corrected for child sex, age, and medi-
cation use at baseline.
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ABSTRACT
Background: The differential susceptibility theory states that children differ in their 
susceptibility towards environmental experiences, partially due to plasticity genes. 
Individuals carrying specific variants in such genes will be more disadvantaged 
in negative but, conversely, more advantageous in positive environments. 
Understanding gene-environment interactions may help unravel the causal 
mechanisms involved in multifactorial psychiatric disorders such as Attention-
Deficit/Hyperactivity Disorder (ADHD).
Methods: The differential susceptibility theory was examined by investigating the 
presence of interaction effects between maternal expressed emotion (EE; warmth 
and criticism) and the solitary and combined effects of plasticity genes (DAT1, 
DRD4, 5-HTT) on prosocial and antisocial behaviour (measured with parent- and 
self-reports) in children with ADHD and their siblings (n = 366, M = 17.11 years, 
 74.9 % male).
Results: Maternal warmth was positively associated with prosocial behaviour 
and negatively with antisocial behaviour, while maternal criticism was positively 
associated with antisocial behaviour and negatively with prosocial behaviour. No 
evidence of differential susceptibility was found.
Conclusions: The current study found no evidence for differential susceptibility 
based on the selected plasticity genes, in spite of strong EE-behaviour associations. 
It is likely that additional factors play a role in the complex relationship between 
genes, environment, and behaviour.
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INTRODUCTION
Understanding the interaction between genes and environment may help unrav-
el the causal mechanisms involved in multifactorial psychiatric disorders such as 
Attention-Deficit/Hyperactivity Disorder (ADHD) (Wermter et al., 2010). A current 
perspective on Gene-Environment (GxE) interaction, the differential susceptibility 
theory, states that children differ in their susceptibility towards environmental ex-
periences (Belsky, 1997, Belsky, 2005) and that this difference is (partially) explained 
by genes called “plasticity genes” (Belsky et al., 2009). Individuals carrying specific 
variants in such genes will be more susceptible to both negative and positive envi-
ronments (Belsky et al., 2009, Ellis and Boyce, 2011). This view extends the more 
commonly applied diathesis-stress and dual-risk models, which focus only on the 
vulnerability to adverse effects of negative environments (Belsky and Pluess, 2009).
 
The dopamine receptor D4 (DRD4) and the serotonin transporter (SLC6A4/5-HTT) 
genes are the most studied candidate plasticity genes. The DRD4 has a variant that 
differs in the number of a 48-base pair tandem repeat located in exon III of the 
gene. The repeat length ranges from 2 to 11. From these, the 7-repeat allele has 
been identified by numerous studies as a differential susceptibility variant (Belsky 
and Pluess, 2009, Belsky and Pluess, 2013a), although there have also been null 
findings (Bakermans-Kranenburg and van IJzendoorn, 2011). Children with the 7-re-
peat allele have been shown to be more susceptible to a range of parenting factors, 
like maternal sensitivity and positivity, when investigating children’s externalizing 
behaviour, physiological stress reactivity, sensation seeking, attachment, or social 
behaviour (Belsky and Pluess, 2013b, Belsky and Pluess, 2009, Knafo et al., 2011). 
Specifically in the context of ADHD, which is the focus of the present study, it has 
been found that children with the 7-repeat allele were most likely to be diagnosed 
with ADHD when exposed to prenatal smoking, but also less likely when not ex-
posed to prenatal smoking (Pluess et al., 2009). 
The SLC6A4 gene, better known by its aliases, 5-HTT and SERT, has a variable length 
(polymorphic) region with short (S) and long (L) repeat alleles in the promoter 
region, the HTTLPR. Research has revealed carriers of the short allele to be more 
susceptible to several family factors, (stressful) life events, and socioeconomic 
status (Belsky and Pluess, 2009, Drury et al., 2012, Hankin et al., 2011, Kochans-
ka et al., 2011, Pluess et al., 2010), mostly in relation to depression and anxiety 
(Belsky and Pluess, 2009), but also in the context of positive outcomes such as social 
behaviour (Drury et al., 2012). A study in individuals with ADHD reported that delin-
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quents with at least one short allele were most likely to have persistent ADHD when 
they had experienced an adverse childhood environment, but least likely when the 
amount of adversity experienced was low (Retz et al., 2008). 
A gene that has been investigated less often, but with equally interesting results in 
support of the differential susceptibility theory, is the dopamine transporter gene 
(solute carrier family 6 [neurotransmitter transporter], member 3 - SLC6A3, more 
commonly known as DAT1). Polymorphisms of the DAT1 gene have been shown 
to contribute to children’s susceptibility towards the environment in two studies 
investigating multiple plasticity genes. The first demonstrated that boys with a 
combined type ADHD diagnosis, carrying at least one 9-repeat of the variable num-
ber of tandem repeat (VNTR) polymorphism in the 3’ untranslated region (UTR) of 
the DAT1 gene, showed most conduct problems when exposed to high negative 
maternal expressed emotion (EE) and least conduct problems when exposed to low 
negative EE. The same result was found for carriers of at least one short allele of 
the HTTLPR, but not for carriers of the 7-repeat of the DRD4 gene. The effect was 
strongest when boys carried susceptibility alleles of both DAT1 and 5-HTT genes 
(Sonuga-Barke et al., 2009; note that samples of the present study and this study 
overlap, but measures were on average 5.9 years apart). The second, a community 
study, showed that individuals with the most plasticity alleles (from multiple genes 
including DAT1, 5-HTT, DRD2, and DRD4) had the highest levels of later parental 
stress when they had experienced negative maternal parenting during adolescence, 
but the lowest levels when maternal parenting had been positive. In contrast to 
the former study, however, the DAT1 10-repeat of the 3’UTR VNTR instead of the 
9-repeat was considered as the plasticity variant (Beaver and Belsky, 2012). As both 
studies included heterozygous individuals with a combination of the 9- and 10-re-
peat allele in the more susceptible group, this could be the common factor explain-
ing the seemingly opposing results. More research is needed to determine whether 
the 9- or 10-repeat drives the susceptibility. 
The present study focused on differential susceptibility to parental EE in children 
with ADHD and their siblings. DRD4, 5-HTT and DAT1 have been frequently linked 
to ADHD (Caylak, 2012) and shown, as described above, to act as plasticity genes 
in children with ADHD. Furthermore, studies have shown that parents’ negative-
ly expressed emotions are associated with symptoms of ADHD, oppositional and 
conduct disorder in children with ADHD (e.g., Sonuga-Barke et al., 2009, Psycho-
giou et al., 2007, Cartwright et al., 2011, Pfiffner et al., 2005, Richards et al., 2014). 
We aimed to advance our insight into the differential susceptibility theory by 
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investigating the possible presence of interactions between these plasticity genes 
and maternal EE on prosocial and antisocial behaviour in children with ADHD and 
their siblings. We hypothesized that children carrying the risk alleles of DRD4, 5-HTT 
or DAT1, would be more susceptible to EE, and that this differential susceptibility 
effect would be the strongest in children carrying the highest number of plasticity 
alleles. That is, we expected carriers of the risk alleles to show the lowest prosocial 
and highest antisocial scores when faced with negative EE (i.e., low warmth and 
high criticism), but the highest prosocial and lowest antisocial scores when their 
mothers expressed positive EE (i.e., high warmth and low criticism).  
METHODS
PARTICIPANTS
Participants were selected from a follow-up (2009-2012) of the Dutch part of the 
International Multicenter ADHD Genetics (IMAGE) study, performed between 2003-
2006 (see www.neuroimage.nl;  Brookes et al., 2006a). At first enrolment, 365 fam-
ilies with at least one child with combined type ADHD and at least one biological 
sibling (regardless of ADHD diagnosis) were recruited, in addition to 148 control 
families with at least one (unaffected) child and no formal or suspected ADHD diag-
nosis in first-degree family members. All families were invited for a follow-up mea-
surement in Amsterdam or Nijmegen with a mean follow-up period of 5.9 years (SD 
= .74). Additional girls with ADHD (any type; n = 37 families) and healthy control 
boys (n = 34 families) were recruited to balance out the gender and age distribu-
tions between the ADHD and healthy control groups. A comprehensive assessment 
protocol was administered, encompassing behavioural questionnaires, a diagnos-
tic interview and several neurocognitive measures from all family members, and 
an extensive magnetic resonance imaging (MRI) scanning protocol in participating 
children. Probands and their siblings were between 5-30 years, of European Cauca-
sian descent, had an IQ ≥ 70 and no diagnosis of autism, epilepsy, general learning 
difficulties, brain disorders or known genetic disorders (such as Fragile X syndrome 
or Down syndrome). The complete cohort participating in the follow-up comprised 
of 323 ADHD families and 153 control families. From this total, 366 participants, 
from 242 families, had information on EE and genotype available and therefore met 
the inclusion criteria for analysis. Participant characteristics are shown in Table 1. 
Informed consent was signed by all participants (parents signed informed consent 
for participants under 12 years of age) and the study was approved by the ethics 
committee (Centrale Commissie Mensgebonden Onderzoek).
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TABLE 1 - Participant characteristics
n M SE Range
Maternal warmth 366 1.55 .04 0-3
Maternal criticism 366 1.70 .05 0-4
Prosocial behaviour parent-report 366 7.33 .12 1-10
Prosocial behaviour self-report 366 7.75 .11 2-10
Conduct behaviour parent-report 366 2.70 .12 0-10
Conduct behaviour self-report 366 2.45 .11 0-10
SES 366 11.33 .12 5-17
Age 366 17.11 .16 7.8-28.2
Sex
    Male 274 74.9%
    Female 92 25.1%
ADHD diagnosis
    Combined subtype 128 35.0%
    Inattentive subtype 133 36.3%
    Hyperactive-impulsive subtype 23 6.3%
DIAGNOSTIC ASSESSMENT 
To determine ADHD diagnoses at the follow-up measurement, a standardized algo-
rithm was applied to a combination of questionnaires and a semi-structured diag-
nostic interview. An in-depth description is provided on www.neuroimage.nl.
MEASURES
Child social behaviour. Children’s prosocial and antisocial behaviour were mea-
sured by means of the prosocial behaviour and conduct problems scales of the 
Dutch Strengths and Difficulties Questionnaire (SDQ), completed by parents and 
via self-report (van Widenfelt et al., 2003). Both subscales consist of 5 items, each 
to be scored on a 3-point scale (0-2). After summing, scores on both scales could 
range from 0 to 10. The Dutch SDQ has demonstrated acceptable to good psycho-
metric properties (van Widenfelt et al., 2003, Muris et al., 2003). Moreover, the 
SDQ has shown substantial associations with independently diagnosed clinical dis-
orders (Goodman et al., 2000) and both parent- and self-report have been able 
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to distinguish between disorders within a clinical sample (Klasen et al., 2003).  In 
agreement, an internal consistency (self-/parent-report) of α = .63/.71 was revealed 
for prosocial behaviour and α = .57/.73 for conduct problems in the present study.
Parental expressed emotion. Parental expressed criticism and warmth were as-
sessed during the semi-structured diagnostic interview, using codings originally de-
rived from the Camberwell Family Interview (Brown, 1966). Ratings were based on 
the overall impression of the interviewer, considering parent’s expressed feelings 
only. Parents were unaware of the EE assessment during the interview. Only ratings 
of mothers were used in our study, as the data of fathers were far less complete. 
Warmth was assessed by the tone of voice, spontaneity, sympathy, and/or empathy 
toward the child. Little warmth (0) was coded when there was only slight amount 
of understanding, sympathy, or concern or enthusiasm about or interest in the child 
or when parents did not display any of the qualities of warmth described below. 
Moderate demonstration of warmth (1) was coded when there was a detached and 
rather clinical approach, with little or no warmth of tone, but moderate understand-
ing, sympathy, and concern. Quite a lot of demonstration of warmth (2) was coded 
when there was definite understanding, sympathy, and concern, but only limited 
warmth of tone. A great deal of expressed warmth (3) was coded when there was 
definite warmth, enthusiasm, interest in, and enjoyment of the child. Criticism was 
assessed by statements which criticized or found fault with the child based on tone 
of voice and critical phrases. No expressed criticism (0) or little expressed criticism 
(1) were coded when there was no or very little evidence during the interview that 
the parent disapproves or dislikes the child’s behaviour. Some criticism (2) was cod-
ed when there were statements of dissatisfaction indicating that the parent was 
bothered, irritated or upset by the child’s behaviour or characteristics. Quite a lot 
of expressed criticism (3) was coded when there were indications that the parent 
did not like or approve of the child’s behaviour.  A lot of expressed criticism (4) was 
coded when the parent mentioned critical comments indicating the respondent 
dislikes, resents, disapproves of, or is angered or annoyed by the child’s behaviour 
or characteristics. High criticism was also based on harsh tone of voice, even if the 
statement did not meet the content criteria. For a statement to be considered criti-
cal, the inflection, pitch, and/or rate of speech had to be dramatically different from 
the baseline. The tone had to strongly indicate resentment and/or anger about 
the topic being discussed (Sonuga-Barke et al., 2009, Richards et al., 2014). The in-
ter-rater reliability has been found to be adequate using similar codings for warmth 
and criticism (range .78-91 and .79-.86 respectively (Schachar et al., 1987). During 
the first measurement wave (the IMAGE study), an average agreement percentage 
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of 96.6 % (range 78.6-100) and a mean Kappa coefficient of .88 (range .71-1.00) 
were obtain across all sites for the total PACS-interview, including the EE ratings 
(Chen and Taylor, 2006).
Genotyping. An extensive description of DNA extraction and genotyping in IMAGE 
is provided elsewhere (Brookes et al., 2006a). Briefly, for the IMAGE sample (par-
ents and children), DNA was extracted from blood samples or immortalized cell 
lines at Rutgers University Cell and DNA Repository, New Jersey, USA. Additional 
NeuroIMAGE samples were collected in the form of a saliva sample using Oragene 
kits (DNA-Genotek; see www.neuroimage.nl). The DRD4, DAT1 and 5-HTT had been 
genotyped for previous studies by the IMAGE consortium (Brookes et al., 2006a, Xu 
et al., 2008). No deviations from Hardy Weinberg equilibrium were found (DRD4 
p = .15, 5-HTT p = .13, DAT1 p = .78). The cumulative plasticity index was created 
by scoring one point when either one or two copies of the plasticity alleles were 
present for a gene (i.e., the 7-repeat of the DRD4 exon III VNTR, the 9-repeat of the 
DAT1 3’UTR VNTR, the short allele of the HTTLPR) and summing the points into a 
total score, range 0-3 (as in Beaver and Belsky, 2012). The genotype frequencies are 
shown in Online Resource 1, Table S1.
Socioeconomic status. Socioeconomic status (SES) was based on the last success-
fully completed education level (Buis, 2010) and calculated as the average total 
years of education of both parents (when information of both parents was avail-
able). Scores ranged from 6, for completion of primary school, to 17 years, when a 
university degree was obtained. 
MISSING DATA
For prosocial and antisocial behaviour, 24.0 % of the parent-reported and 28.1 % 
of the self-rated data was missing. The missing data were replaced using multiple 
imputations (m = 20 imputations). the following auxiliary variables were included 
in the imputation procedure: children’s prosocial and antisocial behaviour from the 
first measurement wave (assessed with the Dutch SDQ parent version (van Widen-
felt et al., 2003) in 2003-2006; the IMAGE study), and, as proxies for prosocial and 
antisocial behaviour, the Big-Five trait agreeableness (assessed with a Dutch adap-
tation (Gerris et al., 1998) of  the Big-Five questionnaire from Goldberg (1992)) and 
oppositional problems (assessed with the Dutch version of the CPRS-R:L (Conners 
et al., 1998)) from the current sample. 
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DATA ANALYSES
To assess the presence of gene-environment correlations, Pearson correlations 
were calculated between the plasticity genes of children and mothers, EE and child 
behaviour (Belsky and Pluess, 2009, Knafo and Jaffee, 2013). Linear mixed model 
analyses were used to investigate the fixed effects of EE, genotype and GxE inter-
actions on prosocial and antisocial behaviour of children (parent- and self-report). 
In each model we estimated a random intercept to correct for familial dependency 
within the sample (for parent- and self-report the intraclass correlation was .22 and 
.17 for prosocial and .18 and .27 for antisocial behaviour, respectively). Age, sex, 
collection site and SES were included as covariates in all analyses. Maternal warmth 
and criticism were centred and analysed separately. Separate models were run for 
each potential plasticity gene (i.e. DAT1, DRD4, 5-HTT) as well as for the cumulative 
plasticity index. 
P-values are reported based on the pooled results of twenty imputations. A cor-
rection for multiple comparisons was employed based on the effective number of 
independent tests on each gene (M
eff
) (Li and Ji, 2005). The M
eff
 was derived from 
the Eigenvalues of the correlation matrix between the four outcome measures (par-
ent- and self-reports of prosocial and antisocial behaviour) adjusted for covariates 
(age, sex, collection site, and SES). The M
eff
 was 3 and the adjusted p-value thresh-
old p = 0.05/3 = .017. All analyses were performed with the Statistical Package for 
the Social Science, version 20.0.
RESULTS
Testing for the presence of gene-environment correlations revealed no significant 
associations between maternal warmth and any of the children’s plasticity genes 
(all p-values > .079, see supplementary information SI, Table S2). However, mater-
nal criticism was very weakly correlated with the DAT1 (r = .13, p < .05) and the 
cumulative plasticity index (r = -.14, p < .01), though not with the DRD4 or 5-HTT 
plasticity indices. Likewise maternal warmth was weakly correlated with the cu-
mulative plasticity index (r = .14, p < .01). Considering the size of the correlations, 
there was no reason to believe that possible gene-environment interactions would 
solely reflect gene-environment correlations. Similarly, no significant associations 
were found between maternal genotype (DAT1, DRD4, and 5-HTT) and EE or child 
behaviour (all p > .064, see Table S2). 
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PROSOCIAL BEHAVIOUR
Both warmth and criticism were associated with prosocial behaviour when rated by 
parents (B = .44, p < .01; B = -.53, p < .001, respectively; see Table S3). This effect 
was also found on self-reported prosocial behaviour for warmth (B = .35, p < .01), 
and marginally for criticism (B = -.21, p = .06). No significant main or GxE effects 
were found for DAT1, DRD4, or 5-HTT genotypes (all p-values > .197; see Table S3 
and S4). Likewise, when the gene variants were combined to form the cumulative 
plasticity index, no main or GxE effects were revealed (all p-values > .372; see Table 
S3 and S4). Using the 10-repeat instead of the 9-repeat of the DAT1 3’UTR VNTR 
as the plasticity allele (as in Beaver and Belsky, 2012) did not alter the results (all 
p-values > .273). 
ANTISOCIAL BEHAVIOUR
The analyses with child antisocial behaviour showed effects of both warmth and 
criticism on both parent-reports (B = -.49, p < .001; B = .78, p < .001, respectively) 
and self-reports (B = -.33, p < .01; B = .30, respectively; see Table S3). No main or 
GxE effects were found for any of the plasticity genes (all p-values > .089; see Table 
S3 and S4). Similarly, no effects were found when the gene variants were combined 
to form the cumulative plasticity index (all p-values > .472; see Table S3 and S4). 
Again, using the 10-repeat instead of the 9-repeat of DAT1 VNTR as the plasticity 
allele did not alter the results (all p-values > .379).
SUPPLEMENTARY ANALYSES
Analyses performed on subsets of children, i.e., children with ADHD, only boys, or 
only boys with ADHD, to investigate possible effects of ADHD or gender revealed 
similar results as described above. The same was true for analyses using an additive 
model instead of a dominant one for the cumulative plasticity index (thus with a 
range of 0-6 plasticity alleles). Additional analyses with common DAT1 haplotypes 
(i.e., 10/6 and 9/6) having shown associations with ADHD previously (Asherson et 
al., 2007, Franke et al., 2010) revealed no significant effects for either prosocial or 
antisocial behaviour (see SI and Table S5). Finally, supplementary analyses were run 
with a binary variable comparing high versus low positive maternal EE in congru-
ence with a previous study that reported GxE effects (PMEE; see SI and Table S6; 
Sonuga-Barke et al., 2009). Similar to the main analyses, children in the low PMEE 
group had significantly lower scores on prosocial and higher scores on antisocial 
behaviour compared to children in the high PMEE group. No main or GxE effects 
were found. 
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DISCUSSION
In this study we examined the differential susceptibility theory by investigating the 
presence of interactions between plasticity genes and maternal EE on prosocial and 
antisocial behaviour in children with ADHD and their siblings. We found that EE 
was associated with both prosocial and antisocial behaviour in the expected di-
rection: when mothers expressed more warmth, children showed more prosocial 
and less antisocial behaviour, and conversely, when mothers expressed more criti-
cism, children showed less prosocial behaviour and more antisocial behaviour. This 
is in agreement with previous literature (e.g., Sonuga-Barke et al., 2009, Psychogiou 
et al., 2007, Cartwright et al., 2011, Pfiffner et al., 2005), although most studies 
focused only on antisocial behaviour. The current study, therefore, complements 
previous literature by showing not only the EE-antisocial, but the EE-prosocial asso-
ciation as well. 
The results revealed no significant main effects of the ADHD candidate genes. Im-
portantly, given the aim of the present paper, we found no GxE interactions on 
prosocial or antisocial behaviour. Analyses with a categorical measure rather than 
a continuous measure of EE (high versus low PMEE) and in subsamples (e.g., boys 
with ADHD), which had yielded meaningful GxE interactions in a previous study 
(Sonuga-Barke et al., 2009), did not change the results. Thus far, as described above, 
a number of studies have investigated the interaction effects between parenting 
and genes, specifically on child (anti-)social behaviour. Most have focused on anti-
social behaviour and the DRD4, and, to a lesser extent, the 5-HTT and DAT1 genes. 
For DRD4 the results are the most consistent, with carriers of the exon III VNTR’s 
7-repeat allele showing the most or least antisocial behaviour when faced with 
negative or positive parenting, respectively (Bakermans-Kranenburg and van Ijzen-
doorn, 2006, Bakermans-Kranenburg et al., 2008). However, two other studies were 
unable to support these findings (Sonuga-Barke et al., 2009, Propper et al., 2007). In 
addition, one study showed children to be differentially susceptible to parenting on 
prosocial behaviour (Knafo et al., 2011). Likewise, carriers of the HTTLPR short allele 
have been found to display a pattern of differential susceptibility towards parenting 
on social (Drury et al., 2012) and antisocial behaviour (Sonuga-Barke et al., 2009). 
However, for DAT1 the results are less clear. Only one study, so far, has reported on 
the interplay with parenting on antisocial behaviour (Sonuga-Barke et al., 2009). 
Moreover, no previous studies have reported on DAT1 or DAT1 x Environment ef-
fects on prosocial behaviour. In all, previous findings are heterogeneous, with most 
obvious potential explanations being the relatively small sample sizes employed 
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hitherto (n < 169; except for (Sonuga-Barke et al., 2009)) and the use of diverse 
measures of parenting. This seems to indicate that there is not yet sufficient evi-
dence for a robust and general GxE effect of parenting and DRD4, DAT1, and HTTLPR 
on children’s social behaviour. 
Besides sample size and inconsistency of environmental exposure, there are a num-
ber of factors that are likely to play a role in the genetically based susceptibility to 
the environment and therefore explain the heterogeneity across findings. For ex-
ample, there could be alleles involved from other genes which could interact with 
the genes under study and the environment in numerous ways (Belsky and Pluess, 
2013a). Moreover, besides genetic susceptibility, studies have shown child temper-
ament and physiological reactivity to influence children’s susceptibility to environ-
mental experiences (see for a recent review Belsky and Pluess, 2013a). Another 
factor that could play a role is age. Whereas the present study included participants 
with a mean age 17 years, most previous studies investigated younger children, 
with only one study including children above eight years old (Sonuga-Barke et al., 
2009). It is currently unknown if differential susceptibility to the environment de-
creases with age. In all, heterogeneity among findings may be caused by the com-
plexity inherent to development; arguably, one genetic risk variant combined with 
the variance of one environmental factor is unlikely to demonstrate fully consistent 
effects across samples.
An alternative explanation for not finding GxE effects and the contradictory find-
ings in the literature is that the causal pathway modelled in most GxE studies is 
only partly valid. We can think of at least three complicating influences that would 
perturb hypothesized GxE effects. First, parenting or EE could be related to parental 
genotype. Since parental and child genotype are linked, this could explain any inter-
actions found between parenting, child genotype and child behaviour (Knafo and 
Jaffee, 2013). We checked for any parental gene-environment correlations, but as 
reported, none were found. Nonetheless, parental gene-environment correlations 
may very well play a role in findings of other studies, as these correlations are sel-
dom reported. Second, rather than parental EE eliciting child behaviour (i.e., parent 
effect model), it could also be that the causation is reversed, that is, child behaviour 
elicits parental EE (i.e., child effect model). In this case the null findings would be ex-
pected. However, since evidence has been found for both parent effect (Hirshfeld et 
al., 1997, Asarnow et al., 1994) and child effect models (Hale et al., 2011, Cartwright 
et al., 2011), it is more likely that both causation models are valid and comple-
mentary in capturing the underlying mechanisms. Third, if reverse causation plays a 
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role, the model could become even more complicated if we take into account that 
mothers could be differentially susceptible to environmental experiences, in this 
case their children’s behaviour. Again, although complicated, these causal pathways 
are, in our view, not farfetched in terms of actual developmental processes, and 
may therefore explain heterogeneity in findings.
Our study should be viewed in the context of some strengths and limitations. 
Strengths of this study were the theory-driven approach, use of multiple informants 
and inclusion of positive as well as negative measurements of both environment 
and behaviour. Though it would have been even better to obtain positive and nega-
tive measures on one continuous scale, many GxE studies have failed to include the 
positive side of behavioural outcome at all (Belsky and Pluess, 2009). Limitations 
were the missing values for child behaviour and the sample size. Power calcula-
tions performed with Quanto 1.2.4 (Gauderman and Morrison, 2006) revealed we 
had adequate power to detect GxE effects with an explained variance (R2) of 3-5 % 
or higher (see SI and Table S7 for details). This means we had adequate power to 
detect the larger but not smaller effects. Previous literature has suggested effect 
sizes of GxE interactions are substantially smaller than initially thought, with an ex-
plained variance of 10 % considered very large, 1 % large and even .01 % moderate 
(Duncan and Keller, 2011). This also raises questions about the sample sizes and 
findings of the studies discussed above. Moreover, methodological issues, such as 
selected inheritance mode and allele frequency have an impact on the power (Dun-
can and Keller, 2011). Thus replication studies are needed with sufficient power to 
detect even the smallest of effects.
Overall, we can conclude that the current study found no evidence for differential 
susceptibility, based on our selection of plasticity genes. Previously reported associ-
ations between maternal EE and prosocial and antisocial behaviour were confirmed 
in our data. As clearly pointed out by the proponents of the differential suscep-
tibility theory themselves, there are several factors that potentially play a role in 
the contribution to environmental susceptibility (e.g., age, prenatal environment, 
temperament, physiological stress reaction; Pluess and Belsky, 2011, Belsky and 
Pluess, 2013a). This, together with the heterogeneous findings in the literature, in-
dicates more research is needed before firm conclusions can be drawn. Preferably 
this would be with large samples in order to detect small differential susceptibility 
effects, if present.
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SUPPLEMENTARY INFORMATION CHAPTER 3
TABLE S1 - Children’s genotype frequencies 
n %
DAT1 361
    9/9 19 5.3
    9/10 116 32.1
    10/10 215 59.6
    10/11 9 2.5
    8/10 2 .6
DRD4 337
    2/2 6 1.8
    2/3 2 .6
    2/4 50 14.8
    2/5 2 .6
    2/7 12 3.6
    3/4 22 6.5
    3/5 1 .3
    3/7 6 1.8
    3/8 1 .3
    4/4 130 38.6
    4/6 2 .6
    4/7 81 24.0
    4/8 5 1.5
    5/7 2 .6
    6/7 2 .6
    7/7 10 3.0
    7/8 3 .9
5-HTT 334
     S/S 53 14.5
     S/L 163 44.5
     L/L 118 32.2
Cumulative plasticity index (7R/ 9R/ S allele) 319
    0 alleles 43 13.5
    1 allele 145 45.5
    2 alleles 107 33.5
    3 alleles 24 7.5
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TABLE S2 - Pearson correlations between maternal or children’s genotype and maternal 
expressed emotions and child behaviour
 
Antisocial 
behaviour 
(P)
Antisocial 
behaviour 
(S)
Prosocial 
behaviour 
(P)
Prosocial 
behaviour 
(S)
Maternal 
warmth
Maternal 
criticism
Children’s genotype
   DAT1a  .09  .07 -.03 -.05 -.07   .13*
   DRD4b -.06 -.08  .07  .02  .00 .10
   5-HTTc -.01  .00  .04  .03 -.09 .09
   Cumulative 
   plasticity index       -.03  -.01 -.06  .00     .14**    -.14**
Maternal genotype
   DAT1a  .03  .01  .03 -.00  -.08 .10
   DRD4b -.02 -.04  .11  .11  -.04 -.01
  5-HTTc  .00  .07 -.02  .03    .01  .03
Note: P = parent-report; S = self-report. a9-repeat allele present or absent; b7-repeat allele present or absent; cshort 
allele present or absent.  * Significant at p ≤ .05 ** Significant at p < .01
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TABLE S3 - Mixed models analyses testing main effects of maternal expressed emotion 
and plasticity genes for child prosocial and antisocial behaviour
Model
Prosocial behaviour  Antisocial behaviour
Parent-report Self-report Parent-report Self-report
B SE p B SE p B SE p B SE p
Main MEE effects 
1 Warmth .44 .14 .002 .35 .12 .004 -.49 .15 .001 -.33 .12 .006
2 Criticism -.53 .14 <.001 -.21 .12 .064 .78 .14 .001 .30 .11 .007
Main gene effects
1 Warmth .44 .14 .003 .33 .12 .007 -.54 .15 <.001 -.35 .12 .004
DAT1 (9R) .16 .28 .569 .22 .22 .320 -.45 .26 .089 -.22 .21 .302
2 Criticism -.56 .14 <.001 -.20 .12 .108 .85 .14 <.001 .34 .11 .004
DAT1 (9R) .09 .28 .757 .21 .22 .358 -.33 .26 .197 -.18 .21 .402
3 Warmth .42 .15 .004 .29 .13 .020 -.51 .15 .001 -.34 .12 .006
DRD4 (7R) -.26 .28 .361 .16 .23 .489 -.12 .28 .671 -.21 .22 .352
4 Criticism -.47 .14 .001 -.17 .12 .157 .81 .14 <.001 .32 .11 .006
DRD4 (7R) .20 .28 .481 .12 .23 .584 -.03 .27 .922 -.16 .22 .469
5 Warmth .40 .15 .007 .28 .13 .030 -.49 .15 .002 -.31 .12 .011
5-HTT (Short) -.20 .30 .448 -.14 .22 .531 -.02 .27 .940 .10 .22 .649
6 Criticism -.45 .14 .001 -.16 .12 .181 .81 .15 <.001 .32 .12 .005
 5-HTT (Short) -.21 .26 .433 -.12 .22 .588  .01 .27 .406 .10 .22 .636
7 Warmth .40 .15 .009 .26 .13 .046 -.56 .16 <.001 -.36 .13 .006
Cumulative 
plasticity -.12 .18 .501 .02 .14 .885 -.08 .17 .638 -.03 .13 .808
8 Criticism -.51 .15 .001 -.15 .13 .224 .90 .15 <.001 .37 .12 .002
Cumulative 
plasticity -.13 .18 .460 .03 .14 .827 .03 .17 .847 -.03 .13 .815
Note. MEE = Maternal Expressed Emotion; R = repeat. The reference group for DAT1 was the 10/10 group (9-repeat 
absent), for DRD4 the 7-repeat absent group, for 5-HTT the L/L group (short allele absent). Findings in bold are 
significant after correction for multiple testing (p < .017), findings in italic are nominally significant (i.e., not signifi-
cant after correction for multiple testing; p ≤ .05). All analyses were corrected for age, sex, collection site, and SES.
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TABLE S4 - Mixed models analyses testing interaction effects between maternal 
expressed emotion and plasticity genes for child prosocial and antisocial behaviour
Model
Prosocial behaviour  Antisocial behaviour
Parent-report Self-report Parent-report Self-report
B SE p B SE  p B SE p B SE p
1 Warmth .52 .18 .004 .45 .15 .003 -.49 .18 .008 -.39 .15 .010
DAT1 (9R) .16 .28 .559 .22 .22 .309 -.45 .26 .090 -.22 .21 .298
DAT1*Warmth -.24 .29 .420 -.33 .26 .197 -.15 .30 .610 .11 .24 .656
2 Criticism -.56 .18 .001 -.20 .15 .181 .83 .17 <.001 .32 .15 .030
DAT1 (9R) .09 .28 .760 .21 .22 .360 -.33 .26 .203 -.18 .22 .409
DAT1*Criticism .00 .31 .990 .00 .26 .998 .06 .30 .842 .05 .26 .860
3 Warmth .48 .18 .007 .26 .15 .086 -.50 .18 .005 -.24 .15 .105
DRD4 (7R) -.25 .28 .373 -.16 .23 .481 .12 .28 .669 .22 .22 .330
DRD4*Warmth -.20 .34 .544 .11 .28 .706 -.04 .34 .906 -.33 .28 .225
4 Criticism -.53 .18 .003 -.18 .14 .218 .70 .17 <.001 .30 .14 .034
DRD4 (7R) -.20 .28 .468 -.13 .23 .582 .02 .27 .950 .16 .22 .473
DRD4*Criticism .20 .30 .497 .02 .26 .927 .35 .30 .240 .05 .25 .852
5 Warmth .33 .25 .194 .15 .23 .511 -.54 .26 .039 -.36 .22 .092
5-HTT (Short) -.20 .26 .451 -.14 .22 .539 -.02 .27 .942 -.01 .22 .652
5-HTT*Warmth .11 .31 .724 .19 .27 .481 .07 .32 .823 .08 .26 .769
6 Criticism -.54 .22 .014 -.05 .17 .796 .94 .22 <.001 .43 .18 .019
5-HTT (Short) -.21 .26 .422 -.11 .22 .612 .02 .27 .624 -.10 .22 .656
5-HTT*Criticism .14 .28 .622 -.21 .23 .773  -.20 18 .671 -.19 .25 .463
7 Warmth .60 .27 .028 .32 .24 .188 -.46 .28 .100 -.28 .24 .248
Cumulative 
plasticity -.13 .18 .477 .02 .14 .895 -.08 .17 .624 -.03 .13 .792
Cum. plasticity 
*Warmth -.16 .17 .372 -.05 .16 .773 -.08 .18 .671 -.06 .16 .702
8 Criticism -.68 .26 .009 -.08 .22 .712 .75 .25 .003 .39 .22 .079
Cumulative 
plasticity -.15 .18 .408 .04 .14 .795 -.06 .16 .718 -.03 .13 .826
 
Cum. plasticity 
*Criticism .14 .17 .409 -.06 .15 .705  .12 .17 .472 -.02 .15 .921
Note: R = repeat. The reference group for DAT1 was the 10/10 group (9-repeat absent), for DRD4 the 7-repeat 
absent group, for 5-HTT the L/L group (short allele absent). Findings in bold are significant after correction for mul-
tiple testing (p < .017), findings in italic are nominally significant (i.e., not significant after correction for multiple 
testing; p ≤ .05). All analyses were corrected for age, sex, collection site, and SES. 
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EFFECT OF DAT1 HAPLOTYPE
Previous studies have shown an association of a combination of specific alleles (i.e., 
haplotype) of two variable number repeat polymorphisms within the 3’untranslat-
ed region and the intron 8 of the DAT1 gene and ADHD (Asherson et al., 2007, 
Franke et al., 2010, Brookes et al., 2006b). Moreover these haplotypes have been 
involved in GxE interactions (Brookes et al., 2006b, Stevens et al., 2009). Supple-
mentary analyses were performed with the DAT1 haplotype containing either the 
9- or 10-repeat allele of the DAT1 3’UTR VNTR combined with the DAT1 intron 8 
VNTR 6-repeat allele (i.e., 10/6 and 9/6). The results revealed no significant effects 
for either DAT1 haplotype (see Table S5).
HIGH VERSUS LOW POSITIVE MATERNAL EXPRESSED EMOTION
Supplementary analyses were run with a binary variable comparing high versus low 
positive maternal EE (PMEE), constructed by combining the warmth and criticism 
scores, which was the approach in Sonuga-Barke et al. (2009). As can be seen in 
Table S6, children in the low PMEE group had significantly lower scores on prosocial 
and higher scores on antisocial behaviour, compared to children in the high PMEE 
group. However, here too, no significant interaction effects were found. 
POWER ANALYSES
Post-hoc power analyses were performed with Quanto 1.2.4 (http://biostats.usc.
edu/Quanto.html) to determine whether our study had sufficient power to detect 
small GxE interaction effects. An independent individuals design was selected and 
for each gene the power was calculated twice: first for the true independent sam-
ple, excluding siblings (n = 242) and second for the total sample (n = 334-361). As 
inheritance mode we selected dominant and the significance threshold was set 
to p = .017, in line with the threshold corrected for the effected number of tests 
(M
eff 
= 3). The results are shown in Table S7. When the total sample was select-
ed there was adequate power to detect GxE interaction effects with an explained 
variance of 3 % or higher and when the independent sample was selected of 
5 % or higher.
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TABLE S5 - Mixed model analyses testing main and interaction effects of maternal 
expressed emotion and DAT1 Haplotypes for child prosocial and antisocial behaviour
Model
Prosocial behaviour  Antisocial behaviour
Parent-report Self-report Parent-report Self-report
B SE p B SE p B SE p B SE p
1 Warmth .43 .14 .003 .34 .12 .006  -.49 .15 .001 -.32 .12 .009
DAT1 Haplotype 
(10/6) .57 .44 .196 .38 .40 .340 -.01 .49 .981 -.13 .36 .706
2 Criticism -.52 .14 <.001 -.21 .12 .080 .80 .14 <.001 .31 .11 .005
DAT1 Haplotype 
(10/6) .65 .44 .137 .43 .40 .279 -.12 .47 .804 -.19 .36 .584
3 Warmth .44 .14 .003 .35 .12 .005 -.50 .15 .001 -.33 .12 .007
DAT1 Haplotype 
(9/6) .02 .34 .964 .06 .28 .835 -.16 .35 .652 -.16 .28 .563
4 Criticism -.52 .14 <.001 -.20 .12 .085 .80 .14 <.001 .31 .11 .006
DAT1 Haplotype 
(9/6) -.04 .33 .909 .02 .28 .953 -.07 .34 .832 -.12 .28 .675
5 Warmth -.06 .48 .902 .14 .45 .756 -.17 .52 .749 .29 .41 .481
DAT1 Haplotype 
(10/6) .61 .44 .168 .39 .40 .322 -.03 .48 .946 -.17 .36 .631
Haplotype
*Warmth .55 .50 .279 .21 .47 .659 -.42 .54 .440 -.68 .43 .114
6 Criticism -.05 .54 .929 .02 .48 .966 .55 .58 .338 -.17 .48 .727
DAT1 Haplotype 
(10/6) .61 .44 .167 .41 .40 .309 -.11 .47 .822 -.15 .36 .681
Haplotype
*Criticism -.56 .56 .316 -.24 .50 .629 .34 .59 .563 .53 .49 .272
7 Warmth .47 .16 .003 .33 .13 .012 -.56 .16 <.001 -.38 .13 .004
DAT1 Haplotype 
(9/6) -.01 .34 .965 .05 .28 .860 -.14 .35 .689 -.14 .29 .621
Haplotype 
*Warmth -.11 .45 .803 .00 .39 .996 .05 .44 .907 .31 .35 .387
8 Criticism -.61 .15 <.001 -.20 .13 .141 .89 .15 <.001 .34 .13 .007
DAT1 Haplotype 
(9/6) -.05 .33 .875 .00 .28 .991 -.05 .34 .885 -.12 .28 .683
 
Haplotype    
*Criticism .28 .43 .511 -.05 .36 .881  -.09 .41 .824 -.05 .34 .878
Note: Findings in bold are significant after correction for multiple testing (p < .017). All analyses were corrected for 
age, sex, collection site, and SES.
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TABLE S6 - Mixed model analyses testing main and interaction effects of positive maternal 
expressed emotion and plasticity genes for child prosocial and antisocial behaviour
Model
Prosocial behaviour  Antisocial behaviour
Parent-report Self-report Parent-report Self-report
B SE p B SE  p B SE p B SE p
Main PMEE effect
1 PMEE (low) -.63 .25 .012 -.51 .21 .013 1.21 .25 <.001 .57 .20 .003
Main gene effects
1 PMEE (low) -.67 .26 .010 -.53 .21 .013 1.32 .25 <.001 .63 .20 .002
DAT1 (9R) .19 .28 .487 .25 .22 .261 -.50 .26 .052 -.25 .21 .242
2 PMEE (low) -.58 .26 .030 -.43 .21 .046 1.30 .26 <.001 .65 .20 .002
DRD4 (7R) -.22 .28 .442 -.13 .23 .573 .06 .28 .826 .17 .22 .442
3 PMEE (low) -.51 .26 .054 -.40 .22 .066 1.28 .26 <.001 .64 .21 .002
5-HTT (Short) -.19 .27 .471 -.14 .22 .540 .02 .27 .953 -.09 .21 .686
4 PMEE (low) -.56 .27 .041 -.41 .22 .071 1.40 .26 <.001 .70 .21 .001
Cumulative 
plasticity -.09 .18 .610 .04 .14 .784 -.11 .16 .496 -.05 .13 .424
GxE effects
1 PMEE (low) -.78 .32 .016 -.64 .27 .018 1.33 .31 <.001 .72 .26 .006
DAT1 (9R) .06 .35 .852 .12 .28 .679 -.49 .33 .143 -.15 .28 .590
DAT1*PMEE .30 .53 .570 .30 .43 .485 -.03 .50 .952 -.23 .43 .599
2 PMEE (low) -.84 .34 .013 -.46 .27 .084 1.16 .31 <.001 .49 .25 .054
DRD4 (7R) -.55 .37 .133 -.17 .29 .557 -.12 .36 .739 -.03 .30 .914
DRD4*PMEE .78 .56 .163 .10 .47 .823 .41 .53 .437 .47 .47 .316
3 PMEE (low) -.63 .42 .142 -.40 .34 .237 1.23 .43 .004 .78 .34 .024
5-HTT (Short) -.28 .35 .438 -.14 .28 .632 -.02 .36 .950 .01 .31 .974
 5-HTT*PMEE .19 .52 .719 -.00 .42 .996  .09 .53 .870 -.22 .45 .615
4 PMEE (low) -1.17 .51 .022 -.58 .43 .176 1.08 .49 .027 .67 .42 .115
Cumulative 
plasticity -.31 .23 .169 .03 .19 .888 -.23 .22 .301 -.07 .19 .725
 Cum. plasticty *PMEE .46 .31 .144 .14 .28 .625  .24 .31 .438 .02 .28 .932
Note: PMEE = Positive Maternal Expressed Emotion; R = repeat. The reference group for PMEE was high PMEE 
group, for DAT1 was the 10/10 group (9-repeat absent), for DRD4 the 7-repeat absent group, for 5-HTT the L/L 
group (short allele absent). Findings in bold are significant after correction for multiple testing (p < .017), findings 
in italic are nominally significant (i.e., not significant after correction for multiple testing; p ≤ .05). All analyses were 
corrected for age, sex, collection site, and SES. 
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TABLE S7 - Power analyses performed with Quanto
5-HTT
(n = 334)
DRD4
(n = 335)
DAT1
(n = 361)
Independent 
sample
(n = 242)
Allele frequency .43 .19 .20
R2 Interaction effect
  .01 .29 .29 .31 .20
  .02 .58 .58 .62 .43
  .03 .79 .79 .82 .63
  .04 .90 .90 .93 .78
  .05 .96 .96 .97 .87
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ABSTRACT
Background: Little is known about the causes of individual differences in reward 
sensitivity. We investigated gene-environment interactions (GxE) on behavioural 
and neural measures of reward sensitivity, in light of the differential susceptibility 
theory. This theory states that individuals carrying plasticity gene variants will be 
more disadvantaged in negative, but more advantaged in positive environments.
Methods: Reward responses were assessed during a monetary incentive delay task 
in 178 participants with and 265 without Attention-Deficit/Hyperactivity Disorder 
(ADHD), from n = 261 families. We examined interactions between variants in 
candidate plasticity genes (DAT1, 5-HTT, DRD4) and social environments (maternal 
expressed emotion and peer affiliation).
Results: HTTLPR short allele carriers showed the least reward sensitivity when 
exposed to high positive peer affiliation, but the most when faced with low positive 
peer affiliation or low maternal warmth. DAT1 10-repeat homozygotes displayed 
similar GxE patterns toward maternal warmth on general task performance. At 
the neural level, DRD4 7-repeat carriers showed the least striatal activation during 
reward anticipation when exposed to high maternal warmth, but the most when 
exposed to low warmth. Findings were independent of ADHD severity.
Conclusions: Our results partially confirm the differential susceptibility theory and 
indicate the importance of positive social environments in reward sensitivity for 
persons with specific genotypes.
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INTRODUCTION
Reward sensitivity is an evolutionary important construct; rewards bring about 
positive feelings, and thereby reinforce the behaviour associated with them, 
enabling learning (Blaukopf and DiGirolamo, 2007). However, under certain 
circumstances, high reward sensitivity can lead to maladaptive behaviour, such 
as risky impulsive behaviour, substance use disorder, and behavioural addictions 
like gambling. During adolescence, reward sensitivity is heightened and this may 
play a key role in the emergence of maladaptive behaviour, especially in high-risk 
groups like adolescents with Attention-Deficit/Hyperactivity Disorder (ADHD) 
(Fairchild, 2011). 
Reward sensitivity is subject to genetic influences, with heritability estimates of 
30-51 % (Anokhin et al., 2011, Sparks et al., 2014). Studies have found effects of 
genes that are related to neurotransmitters involved in reward sensitivity, such as 
dopamine (Paloyelis et al., 2010, Bowirrat et al., 2012, Hahn et al., 2011). Social 
environmental experiences such as interactions with parents and peers have been 
associated with behavioural and neural sensitivity to rewards as well (Xiao et al., 
2011, Schneider et al., 2012, Casement et al., 2013, Dillon et al., 2009, Morgan et 
al., 2014). The interaction between genetic and environmental factors (GxE) also 
regulates behavioural reward sensitivity, as demonstrated by two earlier studies 
(He et al., 2012, Sweitzer et al., 2013). The first reported that parental warmth and 
stressful life events interacted with a catechol O-methyltransferase gene (COMT) 
polymorphism to influence affective decision-making. COMT Met allele carriers 
displayed higher reward sensitivity if they experienced more stressful events, 
whereas carriers of the Val/Val genotype showed better task performance when 
they experienced more parental warmth (He et al., 2012). The second study observed 
that adults carrying the dopamine receptor D4 (DRD4) 7-repeat allele of the variable 
number of tandem repeat (VNTR) polymorphism in exon 3 preferred immediate 
smaller over delayed larger rewards sooner when raised in low socioeconomic 
status (SES) families, but far less when not (Sweitzer et al., 2013). The fact that 
in both studies genetic variants moderated the sensitivity toward positive and 
negative environmental influences is in line with the differential susceptibility 
theory (Belsky, 1997). This theory states that individuals differ in their susceptibility 
to environmental experiences (partially) due to genes called “plasticity genes”, for 
better and for worse. Thus, individuals carrying specific variants in such genes will 
not only be most disadvantaged in negative environments, but also benefit most 
from positive environments (Belsky et al., 2009). This view extends the commonly 
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applied diathesis-stress or dual risk models, which focus only on the vulnerability 
to adverse effects of negative environments, referring to genes involved in GxE as 
“vulnerability genes” (Zubin and Spring, 1977, Monroe and Simons, 1991). Support 
for the differential susceptibility theory comes from various studies in other 
contexts, although there have also been negative findings (see for a recent review 
Belsky and Pluess, 2013). 
The current study applied the differential susceptibility theory framework to 
improve our understanding of individual differences in reward sensitivity. We aimed 
to advance prior studies by examining GxE effects on both behavioural and neural 
measures of reward sensitivity in children, adolescents, and young adults with and 
without an ADHD diagnosis. Several studies have shown associations between 
ADHD and increased reward sensitivity (Blum et al., 2008, Luman et al., 2010). We 
used event-related functional magnetic resonance imaging (fMRI) to investigate the 
brain responses during reward anticipation and receipt in a modified version of 
the monetary incentive delay (MID) task (Knutson et al., 2001). Using this task, our 
group has shown increased behavioural reward sensitivity and increased activations 
during reward anticipation and receipt in adolescents with ADHD compared with 
controls (von Rhein et al., 2015). Given its relevance to reward sensitivity (Xiao et al., 
2011, Schneider et al., 2012, Morgan et al., 2014, Casement et al., 2013, Dillon et al., 
2009) we focused on the social environment, which was studied through maternal 
expressed emotions (EE) and peer affiliation. As susceptibility factors, we included 
variants of the most investigated candidate plasticity genes: the short allele of the 
serotonin transporter (SLC6A4/ 5-HTT) HTTLPR polymorphism, the 7-repeat allele 
of the DRD4 exon 3 VNTR and the 9-repeat allele of the VNTR in the 3’ untranslated 
region (3’UTR) of the dopamine transporter gene (SLC6A3/ DAT1). These genes have 
been frequently linked to ADHD (Gizer et al., 2009) and shown to act as plasticity 
genes in children with and without ADHD (Belsky and Pluess, 2009). 
Based on the findings that adolescents with ADHD show increased behavioural and 
neural reward sensitivity (Blum et al., 2008, Luman et al., 2010, von Rhein et al., 
2015), we hypothesized that, if differential susceptibility is applicable, participants 
with a plasticity variant would show the most positive outcome (e.g., less reward 
sensitivity) when exposed to positive EE or peer affiliation and the most negative 
outcome (e.g., increased reward sensitivity), when faced with negative EE or 
peer affiliation. 
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METHODS
PARTICIPANTS
Participants were selected from a follow-up (2009-2012) of the Dutch part of the 
International Multicenter ADHD Genetics (IMAGE) study, performed between 
2003-2006 (Brookes et al., 2006). At first enrolment in IMAGE, inclusion criteria for 
children were an age between 5-18 years, European Caucasian descent, IQ ≥ 70 and 
no diagnosis of autism, epilepsy, general learning difficulties, brain disorders, or 
known genetic disorders (such as Fragile X syndrome or Down syndrome). All families 
were reinvited for a follow-up assessment in NeuroIMAGE at the VU University 
Amsterdam or Donders Centre for Cognitive Neuroimaging Nijmegen with a mean 
follow-up period of 5.9 years (SD = .74). A comprehensive assessment protocol was 
administered, encompassing behavioural questionnaires, a diagnostic interview 
(e.g. of ADHD, Oppositional Defiant Disorder [ODD], Conduct Disorder [CD]), and 
several neurocognitive measures from all family members, and an extensive MRI 
scanning protocol in participating children. Participants were asked to withhold 
use of psychoactive drugs for 48 hours before measurement. To determine ADHD 
diagnoses at the follow-up measurement, a standardized algorithm was applied to 
a combination of questionnaires and a semi-structured diagnostic interview (an 
in-depth description is provided elsewhere (von Rhein et al., 2014)). The study was 
approved by the local ethics committees, and informed consent was signed by all 
participants (parents provided consent for participants under 12 years of age). 
In the current analyses, participants were included when the reward task was 
administered and information was available on EE or peer affiliation; n = 178 
participants with ADHD, n = 44 with subthreshold ADHD (i.e., elevated symptoms of 
ADHD without meeting the full criteria for an ADHD diagnosis), and n = 221 without 
ADHD, from n = 261 families. A flowchart of participant inclusion can be found in 
the Supplementary Information (SI), Figure S1. Sample size depended in particular 
on the availability of EE and peer affiliation (n ≤ 193 versus n ≤ 429) as EE could 
only be assessed when the diagnostic interview was administered. This led to an 
unequal distribution of participants with or without an ADHD diagnosis in the EE 
versus Peer affiliation selection. Therefore, participant characteristics in Table 1 are 
displayed separately for EE and peer affiliation. 
MEASURES
Parental expressed emotion. EE was assessed during the semi-structured diagnostic 
interview, using codings derived from the Camberwell Family Interview (Brown, 1966).
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TABLE 1 - Participant characteristics
 Expressed emotions selection Peer affiliation selection
 n M / % SD n M / % SD
Number of families 150 261
ADHD diagnosis 153 79% 166 39%
  Inattentive type 68 35% 74 17%
  Hyperactive-Impulsive type 18 9% 25 6%
  Combined type 67 35% 67 16%
Subthreshold 19 10% 43 10%
Unaffected 21 11% 220 51%
ADHD severity (CPRS) 191 20.94 12.18 418 12.08 12.25
ODD diagnosis 46 24% 50 12%
CD diagnosis 11 6% 11 6%
History of stimulant use 136 70% 145 34%
Male 127 66% 237 55%
Collection site (Amsterdam) 80 42% 216 50%
Age 193 17.15 3.24 429 17.48 3.52
Estimated IQ 193 97.54 14.85 426 101.62 12.25
Maternal warmth/ Positive PA 193 1.64 0.89 429 22.52 3.58
Maternal criticism/ Deviant PA 193 1.65 0.92 429 15.01 4.44
MRT reward condition (ms) 193 298.81 39.44 429 298.25 36.73
MRT non-reward condition (ms) 193 332.05 50.01 429 329.48 47.62
Variability reward condition (ms) 193 .21 .14 429 .19 .11
Variability non-reward condition (ms) 193 .25 .15 429 .24 .15
Bold response reward anticipation
   VS 167 196.90 841.49 375 267.14 828.11
   vmPFC 167 -508.21 1882.21 375 -412.53 2132.62
Bold response reward receipt
   VS 167 604.36 1542.24 375 408.06 1540.83
   vmPFC 167 1722.58 3714.42 375 1498.62 4225.33
DAT1 186 407
  9-repeat present 62b 33% 150c 37%
  9-repeat absenta 124 67% 257 63%
5-HTT 190 416
  Short allele present 123d 65% 269e 65%
  Short allele absent 67 35% 147 35%
DRD4 190 417
  7-repeat present 64 34% 143 34%
  7-repeat absent 126 66% 274 66%
 Note. PA = peer affiliation; MRT = mean reaction time; VS = ventral striatum; vmPFC = ventral medial prefrontal cortex; CPRS = Conners parent raring scale. ODD and CD diagnoses were based on K-SADS structured psychiatric 
interviews (Kaufman et al., 1997). Estimated IQ was based on two subtests of the WISC/WAIS-III: Vocabulary and 
Block Design (Wechsler, 2002, Wechsler, 2000). a10/10 genotype; bn = 12 (7 %) with two 9-repeats; cn = 20 (5 %) 
with two 9-repeats; dn = 28 (15 %) with two short alleles; en = 59 (14 %) with two short alleles 
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Only ratings of mothers were used in our study, as the data of fathers were far 
less complete. Warmth was assessed by the tone of voice, spontaneity, sympathy, 
and/or empathy toward the child (range 0-3). Criticism was assessed by statements 
which criticized or found fault with the child based on tone of voice and critical 
phrases (range 0-4) (Sonuga-Barke et al., 2009, Richards et al., 2014). Previous 
studies using similar codings for warmth and criticism have revealed an adequate 
inter-rater reliability (range .71-1.00) (Schachar et al., 1987, Chen and Taylor, 2006).
Peer affiliation. Peer affiliation was measured with the Friends Inventory (Walden 
et al., 2004). Participants assessed their peers’ behaviour on 18 items rated on a 
4-point Likert scale (e.g. ‘My friends get good grades’, ‘My friends break the rules’; 
range 1 = ‘None of my friends are like that’ to 4 = ‘All of my friends are like that’). 
Scores were summed to yield either a positive or deviant peer affiliation score 
(each 9 items). Both have demonstrated good internal consistency reliability range 
(.88-.92) (Burt and Klump, 2013, Burt et al., 2009). 
ADHD severity. The Dutch Conners Parent Rating scale (CPRS-R:L) was used to 
assess ADHD severity (i.e., the raw scores of scale N – DSM-IV: total) (Conners et 
al., 1998). We used the CPRS-R:L as it was assessed in all participants (regardless of 
diagnostic status). Moreover, using a continuous measure of ADHD severity allowed 
us to retain as much information as possible, including the variation of scores among 
unaffected participants.
Reward paradigm. A modified version of the MID task (Knutson et al., 2001, von 
Rhein et al., 2015) was employed. Participants were instructed to react as quickly as 
possible to a target (a circle) by pressing a button. A coloured square was presented 
prior to the target indicating whether a reward could be won or not (green = reward, 
red=no reward). In the reward condition participants were rewarded with 20 cents 
if they responded within the presentation time of the target. Trials ended with the 
presentation of feedback indicating whether the reward was earned or not plus 
the total amount gained (see SI, Figure S2). With 25 trials per condition, monetary 
rewards could add up to a theoretical total of 5 Euros, to be paid at the end of the 
experiment. However, target presentation time was adapted to the participants’ 
performance (shortened by 20 ms after hits and prolonged 10 ms after misses), 
resulting in a hit rate of approximately 33 % with minimal interindividual variability 
and an optimal balance between challenged but not frustrated participants. This 
adaptation was done for the reward and non-reward conditions separately to 
balance the amount of hits on both trial types. As a consequence, hit rate became 
non-informative as a behavioural measure. The task instruction was followed by a 
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practice trial after which the task began. In order to maximize the design efficiency, 
the 50 experimental (25 rewarded and 25 non-rewarded) trials were presented in 
randomized sequence and interleaved with 25 trials without events resulting in a 
12 minutes long experiment.
Behavioural outcome measures of reward sensitivity were: reward speeding (mean 
reaction time [MRT] non-reward - MRT reward) and reward variability (standard 
deviation [SD]/MRT non-reward - SD/MRT reward). Neural activation was assessed 
using the blood-oxygen-level-dependent (BOLD) response during performance on 
the MID task. After preprocessing of MRI data (details on the image acquisition 
and preprocessing can be found in the SI) we calculated first-level contrasts for 
reward anticipation (contrast of the parameter estimates of rewarded cue vs. 
non-rewarded cue) and reward receipt (contrast of parameter estimates of 
rewarded vs. non-rewarded accuracy [hit events vs. miss events]). For these two 
contrasts we extracted the mean BOLD response from two a-priori defined regions 
of interest (ROIs): the ventral striatum (VS) and the ventral medial prefrontal cortex 
(vmPFC). Both ROIs are considered core regions of the reward system (Bartra et al., 
2013). The VS was defined anatomically by segmenting each subject’s anatomical 
MRI scan (FSL FIRST v1.2 (Patenaude et al., 2011); regions labels: 28/56). Because 
cortical regions cannot be defined anatomically as precise as subcortical regions, the 
vmPFC was defined on the basis of MNI coordinates derived from a meta-analysis 
(Bartra et al., 2013) (0, 52, -8), with a 10 mm sphere around the coordinates (as in 
(Furukawa et al., 2014)). As described in the SI and shown in Figure S3, both ROIs 
showed task activation sensitive to response inhibition.
Genotyping. For the IMAGE sample (parents and children), DNA was extracted 
from blood samples or immortalized cell lines at Rutgers University Cell and DNA 
Repository, New Jersey, USA. The genetic variants in DAT1, 5-HTT, and DRD4, 
were genotyped by the IMAGE consortium (Brookes et al., 2006, Xu et al., 2008). 
Additional NeuroIMAGE samples were collected in the form of a saliva sample using 
Oragene kits (DNA-Genotek; see www.neuroimage.nl). Genotyping of addition 
samples was performed as described in (Landaas et al., 2010). No deviations from 
Hardy-Weinberg Equilibrium were found (DAT1 p = .78, 5-HTT p = .13, DRD4 p = 
.15). For each gene, participants were divided into groups based on the presence 
or absence of the candidate plasticity alleles (i.e., the 9-repeat of the DAT1 3’UTR 
VNTR, the short allele of HTTLPR, the 7-repeat of the DRD4 exon 3 VNTR). 
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DATA ANALYSES
A description of the genotyping procedure can be found in the SI. Pearson and 
Spearman correlation analyses tested for gene-environment correlations between 
maternal or adolescent candidate plasticity genes and the environmental predictors 
(Belsky and Pluess, 2009, Knafo and Jaffee, 2013). Linear mixed model (LMM) 
analyses investigated the fixed effects of EE, peer affiliation, genotype, and GxE 
interactions on each reward outcome measure. To correct for familial dependency 
(as a number of participants belonged to the same families), we estimated a random 
intercept for family in each model. Age, sex, and collection site were included as 
confounders. For both EE and peer affiliation, the positive and negative scales were 
not sufficiently correlated to create one variable (r = -.50 and r = -.16 respectively), 
therefore maternal warmth, criticism, and positive and deviant peer affiliation were 
analysed separately. Separate models were run for each potential plasticity gene 
(DAT1, 5-HTT, DRD4) as well. All environmental predictors were centred around 
the mean and the reward outcome measures were normalized using Van der 
Waerden’s formula. 
A multiple comparisons correction was employed which adjusts for correlated 
outcomes based on the effective number of independent tests (M
eff
) (Li and Ji, 
2005). The M
eff
 was derived from the Eigenvalues of a correlation matrix between 
the outcome measures adjusted for covariates (age, gender, and collection site), 
separate for the behavioural and neural data (both M
eff
 = 4, adjusted p-value 
threshold: p = 0.05/ 4 = .013). Regions of Significance (RoS) and simple slope tests 
were performed with an online application designed for probing interactions in 
differential susceptibility research (http://www.yourpersonality.net/interaction/, 
see (Roisman et al., 2012)). 
Sensitivity analyses were performed when significant GxE effects were found 
(that survived the multiple correction threshold). First, to investigate the role of 
ADHD severity, analyses were rerun including main and interaction effects of ADHD 
severity. Furthermore, separate sensitivity analyses checked whether significant 
effects were present in participants while controlling for nonlinear effects of age 
(age2), medication history, IQ, and comorbid ODD or CD. All analyses (except for RoS 
and simple slope tests) were performed with the Statistical Package for the Social 
Sciences, version 20.0.
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RESULTS
A significant gene-environment correlation (rGE) was found between adolescent 
DRD4 genotype and deviant peer affiliation (r = .11, p = .028; see SI, Table S1). 
Furthermore, maternal DAT1 was negatively correlated with maternal warmth 
(r = -.18, p = .015), and maternal 5-HTT associated with deviant peer affiliation 
and maternal warmth (r = .10, p = .045; r = -.20, p = .005 respectively). Significant 
rGEs, however, were relatively small, and are unlikely to have biased possible GxE 
interactions. In describing the outcomes of the mixed model analyses we restricted 
ourselves to the results that survived correction for multiple testing. Nominally 
significant effects can be found in the SI, Tables S2, S3, S4, and S5.
REWARD SPEEDING 
Our LMM showed that both maternal warmth and criticism were significantly 
associated with adolescent reward speeding (B
warmth = -.19, p = .013; Bcriticism= .20, p = 
.008; Table S2). For maternal warmth this effect was moderated by 5-HTT genotype 
(B = -.45, p =.005, see Table S3). A similar GxE interaction was found between 5-HTT 
and positive peer affiliation (B = -.07, p = .012). As can be seen in Figures 1A and 1B, 
participants with the HTTLPR short allele showed a significant negative association 
between reward speeding and maternal warmth and positive peer affiliation. 
Simple slope analyses revealed both slopes were significant (p
positive 
= .049, p
warmth
< 
.001), while slopes for participants with the HTTLPR L/L genotype were not (p
positive 
= 
.994 and p
warmth 
= .558). However, inspection of the regions of significance (RoS) with 
respect to the environmental predictors revealed the difference between the two 
genotypes was not significant for high warmth (i.e., no values fell above the upper 
RoS threshold X = 1.64). Thus, HTTLPR short allele carriers showed the most reward 
speeding when exposed to low maternal warmth or low positive peer affiliation, 
but the least when exposed to high positive peer affiliation when compared to 
adolescents with the HTTLPR 10/10 genotype. 
Subsequent analyses of the reaction times in each condition separately (reward 
vs. non-reward) revealed a significant interaction between DAT1 and maternal 
warmth. Opposite to our predictions, the MRT was negatively associated with 
maternal warmth in participants with the DAT1 10/10 genotype, regardless of 
reward condition, see Figures 1C and 1D (Breward = .41, p = .013; Bnon-reward = .40, p = 
.012). Simple slope analyses revealed the slopes were significant for participants 
with the DAT1 10/10 genotype (preward = .044, pnon-reward = .001), but not for 9-repeat 
carriers (preward = .103, pnon-reward= .567). Hence, DAT1 10/10 homozygotes had the 
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longest reaction times when exposed to low warmth, but the shortest when 
exposed to high warmth, compared to DAT1 9-repeat carriers. However, no values 
of the non-reward reaction times fell within the upper RoS threshold for maternal 
warmth (X = 1.40). Therefore, here, DAT1 10-repeat homozygotes only differed 
significantly from each other when exposed to low maternal warmth.
FIGURE 1 MRT= mean reaction time. A: Interaction between 5-HTT and maternal warmth 
on reward speeding (normal score [0] = 27.71 ms). The shaded areas indicate the regions of 
significance (RoS), lower threshold: X = -0.34; upper threshold: X = 1.64.  B: Interaction be-
tween 5-HTT and positive peer affiliation on reward speeding (normal score [0] = 25.52 ms).  
The shaded areas indicate the RoS, lower threshold: X = -5.61; upper threshold: X = 3.71. C: 
Interaction between DAT1 and maternal warmth on the mean reaction time during non-re-
ward (normal score [0] = 324.90 ms). The shaded areas indicate the RoS, lower threshold: 
X = -0.80; upper threshold: X = 1.40.  D: Interaction between DAT1 and maternal warmth 
on the mean reaction time during reward (normal score [0] = 296.31 ms). The shaded areas 
indicate RoS, lower threshold: X = -1.51; upper threshold: X= 0.82. Values in the RoS are 
significant.
400203-L-bw-Richards
CHAPTER 4
88
REWARD VARIABILITY 
Analyses of reward variability showed no effects that survived correction for multiple 
testing (all p-values > .018, see Table S2). Looking at the conditions separately, 
no effects were present in the reward or non-rewarded condition either (all 
p-values > .030). 
NEURAL ACTIVATION
A significant interaction between DRD4 and maternal warmth was found for VS 
activation during reward anticipation, shown in Figure 2 (B = -.55, p = .004; see Table 
S5). Simple slope analyses revealed only the slope of DRD4 7-repeat carriers was 
significant (carriers: p = .014, non-carriers: p = .140). Adolescents with the 7-repeat 
allele showed the highest activation when exposed to low maternal warmth, but 
lowest when exposed to high warmth, compared to those without the 7-repeat. 
Furthermore, separate main effect analyses indicated that maternal criticism was 
positively associated with the VS BOLD response during reward receipt (B = .21, p = 
.009; see Table S4). No interactions were found during reward receipt in the VS or 
for the vmPFC activation (all p-values > .109). 
SENSITIVITY ANALYSES
Sensitivity analyses were performed to check whether the above described 
significant GxE interactions were affected by ADHD severity, as measured by the 
Conners Parent Rating Scale. These revealed no significant 3-way interactions (all 
p-values > .175). Moreover, including ADHD severity as a main effect, did not change 
significant GxE effects. Finally, accounting for nonlinear age effects, IQ, ODD, CD, 
or medication history by rerunning the analyses for significant GxE effects while 
separately including these measures in the model did not affect GxE interactions. 
DISCUSSION
We found evidence for differential genetic susceptibility toward positive social 
environments for both behavioural and striatal reward sensitivity in a large sample 
of adolescents, independent of ADHD severity. Up to now, authors have speculated 
about the role of the brain when investigating GxE effects on reward sensitivity. 
We showed here, for the first time, that DRD4 genotypes moderate the association 
between warmth and neural responses to rewards in the VS. 
Several explanations have been outlined to understand the relationship between 
reward-seeking behaviour in daily life, as observed in adolescence, and neural 
400203-L-bw-Richards
GXE INTERACTIONS IN REWARD SENSITIVITY
89
activation to reward anticipation in imaging paradigms (Galvan, 2010). Current 
evidence suggests that a hyper-responsive neural reward system predisposes to 
greater reward-seeking, whereby increased dopaminergic release in response to 
rewarding events strengthens reward-related behaviour through dopamine-based 
learning processes (Galvan, 2010, Schultz et al., 2003, Chambers et al., 2003). In 
agreement with this perspective, the genetic moderation of both behavioural 
and neural responsiveness found in this paper could be explained by altered 
transcriptional activity which affects the amount of dopamine released. For example, 
the DRD4 7-repeat polymorphism is associated with decreased postsynaptic 
inhibition of dopamine, which in turn leads to increased levels of dopamine 
(Congdon and Canli, 2008). In addition, animal studies have demonstrated an 
association between maternal deprivation and increased dopamine levels (Hall 
and Perona, 2012). Further, studies in humans have revealed protective effects of 
positive parenting (Morgan et al., 2014, Xiao et al., 2011) as well as detrimental 
effects of low warmth (Casement et al., 2013) on behavioural and neural reward 
FIGURE 2 Interaction between DRD4 and maternal warmth on the activation in the ventral 
striatum during reward anticipation (normal score [0] = BOLD signal change 197.42). The 
shaded areas indicate the regions of significance (RoS), lower threshold: X = -1.20; upper 
threshold: X = 0.51. Values in the RoS are significant.
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sensitivity. Differential effects toward the environment then might be caused by 
exacerbation of dopamine increase in negative environments, but compensation 
when exposed to positive influences. This idea is supported by our finding of DRD4 
7-repeat carriers showing the most striatal activation during reward anticipation 
when exposed to low maternal warmth, but the least when exposed to high 
levels of warmth. 
Similar processes might occur for the 5-HTT gene, as participants carrying the 
HTTLPR short allele showed the least behavioural reward sensitivity when exposed 
to high positive peer affiliation, but the most when faced with low positive peer 
affiliation or low maternal warmth. Like the DRD4 7-repeat variant, decreased 
transcriptional activity has been associated with the HTTLPR short allele, resulting 
in an excess of serotonin levels (Lesch et al., 1996). Besides dopamine, serotonin 
is also relevant for reward processing and it is suggested that the interaction 
between dopamine and serotonin controls the behavioural response to rewards 
(Cools et al., 2011). 
For DAT1, in contrast to what we expected, we found DAT1 10/10 homozygotes 
displayed a similar differential pattern toward warmth for task performance in both 
rewarded and non-rewarded conditions. Based on a previous GxE study in children 
with ADHD (Sonuga-Barke et al., 2009) we had hypothesized that the 9-repeat 
would be the plasticity variant. However, evidence for the 10-repeat as candidate 
plasticity variant has been found in a community study (Belsky and Beaver, 2011), 
although neither study focused on reward sensitivity. Similar mixed results have 
been reported as to whether the 9- or 10-repeat shows increased or decreased 
expression (Faraone et al., 2014). Finally, it is important to note that other variants 
and epigenetic factors not included in this study may influence the functional 
levels of the genes we investigated (Bralten et al., 2013, Homberg and van den 
Hove, 2012). Considering how much is still unknown about the exact workings of 
dopamine and serotonin variation as a consequence of gene variants, especially 
in relation to environmental effects, more research is needed before we can truly 
state which and how gene variants enhance susceptibility.
Taken together, our findings partially support the differential susceptibility theory. 
Yet, this theory states individuals carrying plasticity alleles are sensitive to both 
positive and negative environments (Belsky and Pluess, 2009), while our results 
almost exclusively involved positive environments. However, besides beneficial 
responses when exposed to positive environments, the present study revealed 
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worse performance when faced with low positive environments as well. Although 
seemingly not the best way to operationalize an adverse environment, the 
absence of a positive environment is often associated with negative effects in child 
development, (e.g., Newman et al., 2008, Yap et al., 2014). Therefore, viewing low 
warmth or low positive peer affiliation as adverse experiences seems valid, thereby 
placing the results in line with the differential susceptibility theory.  
Two GxE interactions were found that do not fit the criteria of differential 
susceptibility: the interactions of 5-HTT and DAT1 with warmth on reward speeding 
and non-rewarded reactions times respectively. Here, carriers of the candidate 
susceptibility variants only differed from non-carriers when exposed to low 
maternal warmth. When viewing low warmth as a form of adversity (as argued 
above), these findings, are more in line with the diathesis-stress model (Zubin and 
Spring, 1977, Monroe and Simons, 1991). This theory states that genes moderate a 
person’s vulnerability to adverse effects only, while making no differences in positive 
environments (Belsky and Pluess, 2009). Thus, focusing on the same candidate 
plasticity gene and reward outcome measure (5-HTT and reward speeding), but 
different environmental measures (warmth vs. positive peer affiliation), or focusing 
on the same gene and environmental predictor (DAT1 and warmth), but different 
outcome measures (rewarded vs. non-rewarded MRT) led to the support for 
either differential susceptibility or diathesis-stress. These results demonstrate the 
complexity of how and in which situations individuals differ in their susceptibility 
toward environmental experiences. 
The absence of significant interactions with the negative social environment in 
this study, could indicate that positive social environments are more important for 
reward sensitivity. Indeed, the positive social environment plays a key role in the 
development of reward learning. Across development, children’s behaviour is initially 
shaped by external rewards, such as positive social interactions with parents at first 
and later with peers as well. Gradually, through these interactions children learn to 
regulate their own behaviour, a process which lasts well into the mid-20s (Zeman 
et al., 2006, Steinberg, 2008). Normal development of these skills then leads to the 
ability to perform well (on tasks) independently, with no direct need of external 
rewards (Steinberg, 2008). Our findings are in line with the idea that positive social 
influences promote optimal reward learning, and more so for adolescents with 
particular genotypes. We did, however, find main effects of criticism on reward 
receipt activation and reward speeding, as well as nominally significant interactions 
effects with both negative environmental measures. Therefore, investigation of 
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both positive and negative effects in larger samples and from different populations 
is warranted before further conclusions as to which social environment plays a 
stronger role in the development of reward learning.    
This study had a number of strengths and limitations. Strengths were the use of a 
well-characterized sample, inclusion of both positive and negative environments, 
with both parental- and peer influences assessed, and the analysis of both 
behavioural and neural measures of reward processing. A limitation is the cross-
sectional study design, longitudinal studies are needed to establish a direction of 
causality. Furthermore, not all participants included had an EE measurement, as it 
was assessed when a full diagnostic interview was administered. This led to loss of 
power, unequal numbers and an unequal distribution of ADHD and controls in the 
EE versus peer affiliation analyses. Nevertheless, the GxE effect on reward speeding 
was present in both social environments and most interaction effects were found for 
EE only, suggesting that it is a powerful moderator. Moreover, sensitivity analyses 
revealed no effect of ADHD severity on significant GxE interactions. 
In conclusion, these results indicate GxE interplay is relevant for an improved 
understanding of interindividual differences in reward sensitivity. Our findings may 
ultimately also have implications for clinical settings, as targeting parents or peers 
of at risk adolescents could be particularly helpful for carriers of the HTTLPR short 
allele and the DRD4 7-repeat. Considering the new research questions and novel 
findings, more research on GxE interactions and reward sensitivity is needed, in 
particular replication of our findings in independent large datasets with additional 
types of positive and negative social environments.
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SUPPLEMENTARY INFORMATION CHAPTER 4
PARTICIPANT INCLUSION
Figure S1 shows the exact numbers for inclusion and details on exclusion criteria. 
The reward task was administered to 571 participants, of which 453 had correct 
behavioural and 395 correct neural data. Main reason of exclusion was an insufficient 
number of trials per event type (less than 5, n = 83). Sample size depended further 
in particular on the availability of expressed emotion (EE) and peer affiliation. EE 
was assessed only when the diagnostic interview was administered. Final sample 
sizes depended on the availability of genotypes.  
FIGURE S1 Flowchart of participant inclusion for data on the reward task, expressed
emotion, peer affiliation and genotype. Final numbers under ‘genotype’ depict the numbers 
used in analyses of gene-environment interactions.
Adminstered 
Reward Task to 
n=571 participants
Behavioral data
n=453
Expressed 
Emotion data
n=193 
Genotype
DAT1 n=186
5-HTT n=190
DRD4 n=190
ADHD 
diagnosis
n=150-152
Peer Affiliation 
data
n=429
Genotype
DAT1 n=407
5-HTT n=416
DRD4 n=417
ADHD 
diagnosis
n=163-164
Neural data
n=395
Expressed 
Emotion data
n=167
Genotype
DAT1 n=163
5-HTT n=164
DRD4 n=164
ADHD 
diagnosis
n=130
Peer Affiliation 
data
n=375
Genotype
DAT1 n=356
5-HTT n=363
DRD4 n=364
ADHD 
diagnosis
n=141
Participants excluded (n=118)
- Did not stop medication use n=7
- Drug use 24h prior testing n=1
- Autism diagnosis n=1
- Claustrophobia n=8
- Technical problems n=6
- Incomplete data n=10
- Unreliable data n=2
- Insufficient trials per 
  event type (<5) n=83
Additional exclusion (n=58)
- Technical problems n=18
- Excessive movement n=6
- Scientific or clinically relevant    
   findings n=8
- Insufficient clean data n=26
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FMRI ACQUISITION
Imaging was conducted at two locations (VU University Amsterdam and Donders 
Center for Cognitive Neuroimaging Nijmegen) using two comparable 1.5 Tesla MRI 
scanners (Avanto / Sonata Siemens, Munich, Germany), identical product 8-channel 
head coils and closely matched scan protocols. Whole brain functional imaging was 
performed using a gradient-echo echo-planar scanning (EPI) sequence (37 axial 
slices, repetition time = 2340 ms, echo time = 40 ms, voxel size = 3.5 x 3.5 x 3.0 mm, 
interslice gap = 0.5 mm, field of view = 224 mm, flip angle = 90o). Before acquisition 
of functional images, a high-resolution T1-weighted MP-RAGE anatomical scan 
was obtained (176 sagittal slices, repetition time = 2730 ms, echo time = 2.95 ms, 
inversion time = 1000 ms, flip angle = 7o, voxel size = 1.0 x 1.0 x 1.0 mm, field of view 
= 256 mm). The MID task was part of a longer scanning session that included other 
fMRI and DTI scans. The order of fMRI scans was randomized across participants. 
BOLD time series data were preprocessed and analysed using SPM8 (Wellcome 
Department of Cognitive Neurology, London).
FMRI PREPROCESSING
All echo planar images (EPIs) were analysed using FSL (FSL version 5, (Jenkinson 
FIGURE S2 Schematic overview of the Monetary Incentive Delay task
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et al., 2012). First, the first 5 volumes were discarded to allow for T1 equilibrium. 
Then, all remaining EPIs were spatially realigned to the middle volume to correct 
for head movement (FSL MCFLIRT (Jenkinson et al., 2002)). After performing 
nuisance regression using the extended realignment parameters estimated during 
realignment and the extracted time courses of regions containing white matter 
and cerebral-spinal fluid images were spatially smoothed (FWHM = 6mm) and a 
temporal highpass filter was applied (cut-off = 0.01Hz). Each subject’s EPI images 
were spatially co-registered to its corresponding anatomical image using FSL’s 
FLIRT boundary-based registration algorithm (Greve and Fischl, 2009, Jenkinson et 
al., 2002, Jenkinson and Smith, 2001) and normalized to MNI152 standard space 
after performing first level statistics. To avoid registration bias when registering 
adolescent brains to the adult-based MNI152 template we used a custom-built 
study template. This template was generated by averaging across all T1-scans of 
participants in the NeuroIMAGE study (n = 787), with a resolution of 2 x 2 x 2 mm 
after non-linear transformation to MNI152 space using FSL FNIRT (www.fmrib.ox.ac.
uk/fsl). Subsequently we recalculated each participant’s non-linear warp-field from 
its T1 to the custom template (FSL FNIRT).
FMRI ANALYSIS
Statistical parametric maps were estimated for each participant with a general 
linear model (GLM; FSL FEAT). First-level regressors included six regressors of 
interest (onset times of rewarded and non-rewarded cues, hits, and misses, each 
with a duration of 0 seconds) and 6 regressors of no interest. Regressors of no 
interest comprised a) onsets of rewarded and non-rewarded targets, b) cue, 
target, and outcome onsets of error events, and c) a motion regressor. Error events 
comprised events of trials with incorrect responses (i.e. premature responses (RT 
< 100 ms), too many (> 1) or too early (i.e. before target onset) button presses 
or no response at all). The motion regressor was inserted to control for possible 
movement artefacts as described by Keulers and colleagues (Keulers et al., 2012). 
Head movements from one image to the next exceeding a threshold of 0.5 mm in 
either the x, y, or z direction were considered movement artefacts. Onset of this 
error event was set to 8 seconds before the movement and all events of interest 
within this 8 seconds interval were discarded. All regressors and their temporal 
derivatives were convolved with a canonical hemodynamic response function 
(HRF) and fitted in the GLM. Finally, the estimated beta maps for each subject were 
normalized to a common space (MNI152). To check that the chosen ROIs (ventral 
striatum [VS] and ventral medial prefrontal cortex [vmPFC]) fall within the reward 
networks (see von Rhein et al., 2015), Figure S3 shows the task activation maps 
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including the selected ROIs. In addition, we tested whether the extracted mean 
BOLD response was significantly larger than zero. This indeed was the case for the 
mean BOLD response in the VS during both reward anticipation and reward receipt 
(VS: B = 260.20, p < .001; B = 424.54, p < .001), and in the vmPFC during reward 
receipt (B = 1537.46, p < .001), but not during reward anticipation. Here the mean 
BOLD response was significantly smaller than zero (B = -444.05, p < .001).
FIGURE S3 Task activation maps for reward anticipation (A) and reward receipt (B). MNI-co-
ordinates: 0, 10, -8; right side of the brain is left in the image. Task activation maps adapted 
from von Rhein et al. (2015), showing the selected ROIs in blue: ventral striatum (anatom-
ical ROI defined in FSL FIRST v1.2; region labels:28/56)  and ventral medial frontal cortex 
(MNI-coordinates: 0, 52, -8). Yellow hues correspond to higher signal; colour scale is z(0-10).
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TABLE S1 - Correlations between maternal or adolescent’s genotype and maternal 
expressed emotions and peer affiliation
Positive peer 
affiliation
Deviant peer 
affiliation
Maternal 
warmth
Maternal 
criticism
Adolescent’s genotype
DAT1a -.04 .06 -.13 .08
5-HTT b  .00 .05 -.11 .07
DRD4c  .02   .11* -.07 .14
Maternal genotype
DAT1a -.07  .06   -.18* .07
5-HTT b  .00   .10*    -.20** .09
DRD4c  .06 -.01 -.11 .04
Note: Pearson correlation analyses were performed for the EE measures and Spearman correlations for peer 
affiliation. a9-repeat allele present or absent; bshort allele present or absent; c7-repeat allele present or absent 
short allele present or absent. * Significant at p ≤ .05 ** Significant at p ≤ .01
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TABLE S4 - Mixed model analyses testing the separate main effects of maternal 
expressed emotions, peer affiliation, and plasticity genes on neural measures of re-
ward sensitivity
Rward anticipation Reward receipt
VS vmPFC VS VMPFC
B SE p B SE p B SE p B SE p
Main EE effects
1 Warmth -.02 .09 .824 .05 .09 .588 -.04 .09 .650 -.14 .09 .110
2 Criticism .00 .08 .993 .07 .08 .426 .21 .08 .009 .10 .08 .206
Main PA effects
1 Positive PA -.01 .01 .676 .01 .01 .679 .00 .01 .773 -.01 .01 .612
2 Deviant PA .00 .01 .970 -.02 .01 .058 .00 .01 .702 .01 .01 .381
Main gene effects
1 DAT1a .01 .11 .930 .07 .11 .544 -.17 .11 .108 -.01 .11 .958
2 5-HTTb -.05 .11 .664 .14 .11 .213 -.14 .11 .190 -.02 .11 .884
3 DRD4c -.09 .11 .405 -.14 .11 .203 .10 .11 .349 .06 .11 .559
Note: areference group: 9-repeat absent; breference group: short allele absent; creference group: 7-repeat absent. 
PA = peer affiliation. Findings in bold are significant after correction for multiple testing (p < .013), findings in bold 
and italic are nominally significant (i.e. not significant after correction for multiple testing; p ≤ .05). All analyses 
were corrected for age, sex, and collection site.
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TABLE S5 - Mixed model analyses testing interaction effects between plasticity genes and 
maternal expressed emotion or peer affiliation on neural measures of reward sensitivity
Reward sensitvity Reward anticipation
VS vmPFC VS vmPFC
B SE p B SE p B SE p B SE p
1 Warmth .04 .11 .735 .05 .11 .644 .05 .11 .650 -.05 .11 .642
DAT1a .11 .17 .495 .11 .16 .511 .12 .17 .484 .16 .16 .330
DAT1a *Warmth -.13 .20 .502 -.28 .20 .154 .03 .20 .890 -.17 .19 .361
2 Warmth -.08 .15 .575 .12 .14 .417 .02 .15 .872 -.06 .14 .659
5-HTTb .04 .16 .791 .14 .16 .379 .21 .17 .200 .15 .16 .347
5-HTTb*Warmth .11 .18 .530 -.24 .18 .178 .02 .18 .894 -.09 .18 .594
3 Warmth .15 .10 .140 .02 .10 .860 .11 .11 .290 -.09 .10 .381
DRD4c -.08 .16 .610 .48 .16 .003 -.17 .17 .329 -.02 .16 .910
DRD4c*Warmth -.55 .19 .004 -.19 .19 .306 -.17 .20 .400 -.06 .19 .732
1 Criticism -.03 .10 .726 .19 .10 .051 .04 .10 .723 .07 .09 .440
DAT1a .11 .16 .502 .13 .16 .419 .17 .17 .318 .14 .16 .397
DAT1a*Criticism .14 .19 .478 .12 .19 .530 .13 .20 .518 .08 .19 .680
2 Criticism -.03 .12 .774 .22 .12 .063 -.01 .12 .942 .09 .12 .456
5-HTTb .03 .16 .843 .18 .16 .267 .23 .16 .156 .13 .16 .396
5-HTTb*Criticism .07 .16 .676 .00 .16 .997 .15 .16 .355 .03 .16 .862
3 Criticism -.04 .10 .665 .16 .09 .076 .04 .10 .673 .03 .09 .714
DRD4c -.10 .17 .552 .56 .16 <.001 -.16 .17 .356 .01 .16 .943
DRD4c*Criticism .14 .18 .453 .29 .17 .087 .05 .18 .779 .21 .17 .226
1 Positive PA .01 .02 .776 -.01 .02 .707 .01 .02 .445 -.02 .02 .165
DAT1a .01 .11 .931 -.16 .11 .141 .08 .11 .489 .02 .11 .874
DAT1a *Positive PA .00 .03 .951 .01 .03 .641 .00 .03 .926 .05 .03 .109
2 Positive PA .01 .02 .636 .01 .02 .617 .01 .02 .669 -.01 .02 .690
5-HTTb -.05 .11 .659 -.14 .11 .201 .14 .11 .192 -.01 .11 .895
5-HTTb *Positive PA -.02 .03 .475 -.03 .03 .337 .00 .03 .901 .00 .03 .978
3 Positive PA -.02 .02 .316 -.01 .02 .492 .00 .02 .842 -.02 .02 .195
DRD4c -.09 .11 .409 .10 .11 .348 -.14 .11 .201 .06 .11 .572
DRD4c*Positive PA .05 .03 .120 .02 .03 .486 .01 .03 .720 .04 .03 .155
1 Deviant PA .00 .01 .764 -.01 .01 .422 -.02 .01 .128 .02 .01 .197
DAT1a .01 .11 .891 -.16 .11 .134 .06 .11 .580 .02 .11 .826
DAT1a *Deviant PA .02 .02 .523 .01 .02 .546 .00 .02 .962 -.03 .02 .249
2 Deviant PA -.01 .02 .452 .00 .02 .904 -.03 .02 .099 .02 .02 .355
5-HTT -.05 .11 .618 -.14 .11 .193 .12 .11 .264 .00 .11 .975
5-HTTb *Deviant PA .03 .02 .252 -.01 .02 .720 .01 .02 .585 -.01 .02 .603
3 Deviant PA .00 .02 .966 -.01 .02 .552 -.02 .02 .147 .02 .01 .164
DRD4c -.09 .11 .404 .10 .11 .349 -.17 .11 .129 .07 .11 .546
DRD4c*Deviant PA .00 .02 .908 .02 .02 .504 -.01 .02 .661 -.03 .02 .201
Note: areference group: 9-repeat absent; breference group: short allele absent; creference group: 7-repeat absent. PA = peer affili-
ation. Findings in bold are significant after correction for multiple testing (p < .013), findings in bold and italic are nominally signif-
icant (i.e. not significant after correction for multiple testing; p ≤ .05). All analyses were corrected for age, sex, and collection site.
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ABSTRACT
Background: Impaired inhibitory control is a key feature of Attention-Deficit/ 
Hyperactivity Disorder (ADHD). We investigated GxE as a possible contributing fac-
tor to differences in response inhibition in the context of the differential suscepti-
bility theory. This theory states that individuals carrying plasticity gene variants will 
be more disadvantaged in negative, but more advantaged in positive environments.
Methods: Behavioural and neural measures of response inhibition were assessed 
during a Stop-Signal task in participants with (n = 197) and without (n = 295) ADHD, 
from n = 278 families (age M = 17.18, SD = 3.65). We examined GxE between can-
didate plasticity genes (DAT1, 5-HTT, DRD4) and social environments (maternal 
expressed emotion, peer affiliation) and tested whether findings depended on 
ADHD severity.
Results: A significant DRD4 x Positive peer affiliation interaction was found on the 
BOLD response in the right fusiform gyrus (rFG) during successful inhibition. In addi-
tion, carriers of the 5-HTT short allele had an increased rFG activation during failed 
inhibitions.  Maternal warmth and positive peer affiliation were positively associat-
ed with the right inferior frontal cortex BOLD response during successful inhibition. 
Finally, deviant peer affiliation was positively related to the error rate during task 
performance.
Conclusions: Evidence was found in favour of differential genetic susceptibility for 
rFG activation. Both positive and negative social environments were related to be-
havioural and neural indices of inhibitory control. Findings extend previous research 
that have emphasized the role of adverse environments.
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INTRODUCTION
The ability to control oneself by suppressing or altering intended actions that are 
no longer required or appropriate is referred to as response inhibition (Diamond, 
2013). Response inhibition is considered one of the three core executive functions, 
the others being working memory and cognitive flexibility (Miyake et al., 2000). 
Through inhibition-related processes top-down cognitive control is exerted, there-
by regulating attention, behavior, thoughts, and emotions (Diamond, 2013). Im-
paired inhibitory control has been implicated in several neuropsychiatric disorders, 
including Attention-Deficit/Hyperactivity Disorder (ADHD), Obsessive-Compulsive 
Disorder, and Substance-Related Disorders (Lipszyc and Schachar, 2010, Warren et 
al., 2013, van Velzen et al., 2014, Smith et al., 2014). Twin studies show that the 
etiology of response inhibition is best explained by a combination of genetic and 
non-shared environmental factors (Schachar et al., 2011, Friedman et al., 2008), 
with moderate heritability estimates (.31-.50) (Crosbie et al., 2013, Schachar et al., 
2011, Friedman et al., 2008). Studying the effects of genes, environmental influenc-
es, and their interaction could provide more insight into interindividual differences 
in response inhibition.
Gene variants in the dopamine and serotonin neurotransmission system have 
been reported to contribute to interindividual differences in response inhibition 
and its neural correlates (Cummins et al., 2012, Mulligan et al., 2014, Filbey et al., 
2012, Braet et al., 2011, Congdon et al., 2009, Congdon et al., 2008, Cornish et 
al., 2005, Landro et al., 2014, Baehne et al., 2009, Kramer et al., 2009, Stoltenberg 
et al., 2006, Swanson et al., 2000). Two variable number tandem repeat (VNTR) 
polymorphisms, one found in the 3’untranslated region (3’UTR) of the dopamine 
transporter gene (SLC6A3/ DAT1) and the other in the exon 3 of the dopamine re-
ceptor D4 gene (DRD4), have been associated with decreased response inhibition 
performance (Congdon et al., 2008, Congdon et al., 2009, Filbey et al., 2012, Cor-
nish et al., 2005, Mulligan et al., 2014). Carriers of two DAT1 10-repeat alleles or 
the DRD4 7-repeat performed worse on response inhibition tasks, as indicated by 
slower verbal responses (Cornish et al., 2005), longer motor response latencies 
(Congdon et al., 2008), and less successful inhibited motor responses (Filbey et al., 
2012). In addition, compared to individuals without the DAT1 10/10 genotype or 
DRD4 7-repeat less activation during inhibition was found in prefrontal areas such 
as the orbital and inferior frontal cortex, anterior cingulate gyrus, premotor cor-
tex, and pre-supplementary motor area; as well as in temporal and posterior areas 
and the subthalamic nucleus (Congdon et al., 2009, Mulligan et al., 2014, Filbey 
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et al., 2012). Note that conflicting findings have been reported as well, as slower 
inhibition was reported in non-carriers of the 7-repeat, as was increased response 
accuracy for 7-repeat homozygotes (Kramer et al., 2009, Swanson et al., 2000). Fur-
thermore, increased activation during response inhibition, but decreased activation 
during error response was found in carriers of the DAT1 10/10 genotype (Braet et 
al., 2011). Null-findings have also been reported (Langley et al., 2004, Colzato et 
al., 2010, Heinzel et al., 2013, Rommelse et al., 2008). Carriers of the short allele 
of the serotonin transporter (SLC6A4/ 5-HTT) HTTLPR polymorphism were found to 
exhibit worse inhibitory control than those without this allele (Landro et al., 2014). 
However, two smaller previous studies did not find an association between HTTLPR 
and inhibitory control (Drueke et al., 2010, Clark et al., 2005).
Importantly, the above mentioned studies manifest large variation in design and 
methods, i.e. in the included sample (e.g., clinical versus [vs] healthy individuals, chil-
dren vs adults) and type of task used (e.g., stop-signal task vs go-no-go task). More-
over, only few studies used a sample size > n = 100 (Congdon et al., 2008, Colzato et 
al., 2010, Heinzel et al., 2013, Langley et al., 2004). These factors are likely to contrib-
ute to the inconsistent results. 
Studies investigating environmental influences on response inhibition have been less 
common. Adverse early family environment in children (Lewis et al., 2007) and chron-
ic stress in animal studies (Mika et al., 2012, Beydoun and Saftlas, 2008) have been 
associated with poorer inhibitory control, while two other studies failed to find effects 
of psychosocial adversity, including marital conflict, parental psychopathology, and 
stressful life events (Nigg et al., 2007, Van den Bergh et al., 2005). Negative environ-
mental experiences also seem to influence the neural correlates of response inhibi-
tion. Childhood maltreatment has been associated with altered inhibitory control net-
work connectivity (Elton et al., 2014), which was related to poorer response inhibition 
in males, but with opposite effects in females. Moreover, prenatal exposure to tobac-
co smoke has been associated with lower neural activation during response inhibition 
(Holz et al., 2014). Further support for environmental effects comes from studies into 
behavioral impulsivity, which may be considered a consequence of impaired response 
inhibition (Diamond, 2013). Studies on behavioral impulsivity as measured through 
questionnaires or interviews have demonstrated greater impulsivity in children ex-
posed to maternal smoking and alcohol use during pregnancy (Polanska et al., 2012), 
maternal stress (Beydoun and Saftlas, 2008), and marital conflict (Counts et al., 2005). 
Together, most findings suggest adverse environments are associated with worse in-
hibitory control, although additional studies are needed to clarify inconsistent results. 
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One suggested possible mechanism through which adverse environments could 
lead to less adequate inhibitory control is dysregulated neuroendocrine functioning 
(Lewis et al., 2007). For example, dysregulated cortisol levels can have a negative 
effect on the brain, through processes such as neuronal loss, delays in myelination 
and the inhibition of neurogenesis (Lewis et al., 2007, Lupien et al., 2009). However, 
the specific effects of adverse environments on the brain may depend on a per-
son’s genotype.  Studies on behavioral impulsivity have shown that genetic and en-
vironmental factors may interact (GxE) (Nishikawa et al., 2012, Wagner et al., 2009, 
Laucht et al., 2007, van der Meer et al., 2014, Willcutt et al., 2010), though GxE 
effects on behavioral and neural measures of response inhibition have not been 
investigated previously. There are different theoretical models to explain how and 
why genes moderate environmental experiences. Most commonly applied is the di-
athesis-stress or vulnerability model (Zubin and Spring, 1977, Monroe and Simons, 
1991), in which genes are viewed as vulnerability or risk factors that moderate the 
effects of adverse environments, but have no effect in beneficial environments. Re-
cently gaining increased attention in research, the differential susceptibility theory 
extends this view by positing the existence of plasticity genes, which moderate the 
effects of both negative and positive environmental factors (Belsky, 1997, Belsky 
et al., 2009, Ellis et al., 2011). For example, for DAT1, DRD4, and 5-HTT, the most 
investigated candidate plasticity genes, it has been shown that individuals carrying 
specific variants of these genes display the worst outcome when exposed to neg-
ative environments, but also benefit most from positive environments (Belsky and 
Pluess, 2013, Beaver and Belsky, 2012, Bakermans-Kranenburg and van Ijzendoorn, 
2011, van IJzendoorn et al., 2012). As these genes have also been implicated in 
behavioral and neural response inhibition (Mulligan et al., 2014, Filbey et al., 2012, 
Braet et al., 2011, Congdon et al., 2009, Congdon et al., 2008, Cornish et al., 2005, 
Landro et al., 2014), and given the mixed results found for both genetic and environ-
mental influences on response inhibition, it is quite plausible that these genes act to 
moderate the effect of positive and negative environments on response inhibition. 
The current study used the differential susceptibility model to examine GxE effects 
on interindividual differences in response inhibition. We investigated behavioral 
and neural correlates of response inhibition in children, adolescents, and young 
adults with and without ADHD.  Impaired response inhibition is central to theoreti-
cal models of ADHD (Lipszyc and Schachar, 2010, Alderson et al., 2007, Oosterlaan 
et al., 1998, Barkley, 1997). For example, it has been argued that response inhibi-
tion is a central deficit of ADHD that may have downstream effects on executive 
functions, including working memory, self-regulation, internalization of speech, 
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and reconstitution (Barkley, 1997, Alderson et al., 2007, Oosterlaan et al., 1998). 
On average, individuals with ADHD inhibit their responses more slowly than con-
trols, with a meta-analysis reporting a medium effect-size of g = 0.62 (Lipszyc and 
Schachar, 2010). In addition, a large community study showed that ADHD symp-
toms in children and adolescents are associated with worse response inhibition and 
slower response inhibition latency (Stop-Signal Reaction Times [SSRT]) (Crosbie et 
al., 2013). Thus, deficits in response inhibition are not only found in individuals with 
an ADHD diagnosis or ADHD symptoms, but can be found in healthy controls as well 
. Moreover, not all individuals with ADHD show impaired response inhibition (Nigg 
et al., 2005, Sjowall et al., 2013). For example, 60-80 % of patients with ADHD have 
an overlapping SSRT with typical developing controls (Lipszyc and Schachar, 2010, 
van Rooij et al., 2015b). 
Event-related functional magnetic resonance imaging (fMRI) was used to inves-
tigate the neural responses during the Stop-Signal task (SST) (Logan et al., 1984, 
Hart et al., 2013). Using this task, our group has shown worse performance and 
decreased activations during successful and failed inhibition in adolescents with 
ADHD compared with controls (van Rooij et al., 2015b). As susceptibility factors, we 
included the short allele of HTTLPR, the 7-repeat allele of DRD4, and homozygosity 
for the 10-repeat allele of DAT1. Both maternal expressed emotions (EE; warmth 
and criticism) and peer affiliation (positive and deviant) were included as a proxy of 
the social environment. Based on the findings of lower behavioral and neural inhi-
bition in adolescents with ADHD, we hypothesized that, if differential susceptibility 
theory applies, one would expect participants carrying plasticity variants to show 
the most positive outcomes (e.g., improved inhibitory control) when exposed to 
positive EE or peer affiliation and the most negative outcomes (e.g., less inhibitory 
control) when faced with negative EE or peer affiliation.  
METHODS
PARTICIPANTS
Participants were selected from a follow-up (2009-2012) of the Dutch part of the 
International Multicenter ADHD Genetics (IMAGE) study, performed between 2003-
2006 (see Brookes et al., 2006). At first enrolment in IMAGE, families with at least 
one child with combined type ADHD and at least one biological sibling (regardless 
of ADHD diagnosis) were recruited, in addition to control families with at least one 
(unaffected) child and no formal or suspected ADHD diagnosis in first-degree family 
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members. Inclusion criteria for children were an age between 5-19 years, European 
Caucasian descent, IQ ≥ 70, and no diagnosis of autism, epilepsy, general learn-
ing difficulties, brain disorders, or known genetic disorders (such as Fragile X syn-
drome or Down syndrome). All families were reinvited for a follow-up assessment 
with a mean follow-up period of 5.9 years (SD = .74). A comprehensive assessment 
protocol was administered (see von Rhein et al., 2015; www.neuroimage.nl), en-
compassing behavioral questionnaires, a diagnostic interview (e.g., of ADHD, op-
positional defiance disorder [ODD], conduct disorder [CD]), and several neurocog-
nitive measures from all family members, and an extensive MRI scanning protocol 
in participating children. Participants were asked to withhold use of psychoactive 
drugs for 48 hours before measurement. To determine ADHD diagnoses at the fol-
low-up measurement, a standardized algorithm was applied containing a combi-
nation of questionnaires and a semi-structured diagnostic interview. For a detailed 
description of the diagnostic procedure see (von Rhein et al., 2015). The study was 
approved by the local ethics committees, and informed consent was signed by all 
participants and their parents in case participants were below 18 (only parents pro-
vided consent for participants under 12 years of age). 
In the current analyses, participants were included when the Stop-Signal task (SST) 
was administered and information was available on EE or peer affiliation: n = 197 
participants with ADHD, n = 49 with subthreshold ADHD (i.e., elevated symptoms of 
ADHD without meeting the full criteria for an ADHD diagnosis), and n = 246 without 
ADHD, from n = 278 families. A flowchart of participant inclusion can be found in 
the Supplementary Information (SI), Figure S1. Sample size depended in particular 
on the availability of EE (n = 221) and peer affiliation (n = 478) as EE could only be 
assessed when the diagnostic interview was administered. This led to an unequal 
distribution of participants with or without an ADHD diagnosis in the EE (n = 173 
with ADHD, n = 27 with subthreshold ADHD, n = 21 without ADHD) versus peer affil-
iation selection (n = 186 with ADHD, n = 47 with subthreshold ADHD, n = 245 with-
out ADHD). Therefore, participant characteristics in Table 1 are displayed separately 
for EE and peer affiliation. Exact numbers of participants with an ADHD diagnosis 
separate for the behavioral and neural measures, and per gene selection are shown 
in Figure S1. 
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TABLE 1 - Participant characteristics
 Expressed emotions selection Peer affiliation selection
 n M / % SD n M / % SD
Number of families 165 273
ADHD diagnosis 173 78% 186 39%
  Inattentive type 81 37% 88 18%
  Hyperactive-Impulsive type 21 10% 27 56%
  Combined type 71 32% 71 15%
Subthreshold 27 12% 47 10%
Unaffected 21 10% 245 51%
ADHD severity (CPRS) 219 20.42 11.54 469 11.89 11.86
ODD diagnosis 59 27% 57 12%
CD diagnosis 136 6% 13 3%
History of stimulant use 159 72% 170 36%
Male 145 66% 263 55%
Collection site (Amsterdam) 88 40% 234 49%
Age 221 16.85 3.21 478 17.22 3.68
Estimated IQ 220 96.30 15.71 475 101.53 16.00
Maternal warmth/ Positive PA 221 1.56 0.87 470 22.73 3.57
Maternal criticism/ Deviant PA 221 1.69 0.89 478 14.61 4.31
SSRT (ms) 221 270.56 62.88 478 264.90 58.42
Variability (ms) 221 112.24 40.49 478 97.58 39.17
Errors (N) 221 6.60 8.07 478 5.22 7.10
Successful stop rACC 204 21.23 27.23 451 21.92 26.55
Failed stop rACC 204 37.18 28.87 451 38.37 28.41
Successful stop rIFG 204 42.27 32.83 451 42.58 31.74
Failed stop rIFG 204 54.84 32.95 451 56.67 33.07
Successful stop rFG 203 6.04 16.16 450 6.86 16.68
Failed stop rFG 203 10.58 17.14 450 9.80 16.34
DAT1 206 452
  9-repeat present 81b 39% 174c 38%
  9-repeat absenta 125 61% 278 62%
5-HTT 216 468
  Short allele present 132d 61% 287e 61%
  Short allele absent 84 39% 181 39%
DRD4 217 468
  7-repeat present 77 36% 173 37%
  7-repeat absent 140 65% 295 63%
Note: ADHD = Attention-Deficit/Hyperactivity Disorder; CPRS = Conners parent raring scale; ODD = Oppositional 
Defiant Disorder; CD = Conduct Disorder; PA = peer affiliation; rACC = right anterior cingulate cortex; rIFC = right 
inferior prefrontal cortex; rFG = right fusiform gyrus.  ODD and CD diagnoses were based on K-SADS structured 
psychiatric interviews (Kaufman et al., 1997). Estimated IQ was based on two subtests of the WISC/WAIS-III: Vocab-
ulary and Block Design (Wechsler, 2002, Wechsler, 2000). a10/10 genotype; bn = 15 (7 %) with two 9-repeats; cn = 28 
(6 %) with two 9-repeats; dn = 34 (16 %) with two short alleles; en = 68 (15 %) with two short alleles. 
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MEASURES
Parental expressed emotion. EE was assessed during the semi-structured diagnos-
tic interview, using codings derived from the Camberwell Family Interview (Brown, 
1966). Only ratings of mothers were used in our study, as the data of fathers were 
far less complete. Warmth was assessed by the tone of voice, spontaneity, sympa-
thy, and/or empathy toward the child (range 0-3). Criticism was assessed by state-
ments which criticized or found fault with the child based on tone of voice and 
critical phrases (range 0-4) (Sonuga-Barke et al., 2009, Richards et al., 2014). The in-
ter-rater reliability has been found to be adequate using similar codings for warmth 
and criticism (range .78-91 and .79-.86 respectively; Schachar et al., 1987). During 
the first measurement wave (the IMAGE study), an average agreement percentage 
of 96.6 % (range 78.6-100) and a mean Kappa coefficient of .88 (range .71-1.00) 
were obtain across all sites for the total PACS-interview, including the EE ratings 
(Chen and Taylor, 2006).
Peer affiliation. Peer affiliation was measured with the Friends Inventory (Walden 
et al., 2004). Participants assessed their peers’ behaviour on 18 items rated on a 
4-point Likert scale (e.g., ‘My friends get good grades’, ‘My friends break the rules’; 
range 1 = ‘None of my friends are like that’ to 4 = ‘All of my friends are like that’). 
Scores were summed to yield either a positive or deviant peer affiliation score (each 
9 items). Both have demonstrated good internal consistency reliability (range .78-
.92; Burt and Klump, 2014, Burt et al., 2009, Hicks et al., 2009) and a mean inter-rat-
er reliability of .71 has been reported between teacher and self-reports (Hicks et 
al., 2009). Several studies have used peer affiliation as a proxy of the social envi-
ronment (see e.g., Gifford-Smith et al., 2005, Vitaro et al., 2011, Fabes et al., 2012).
ADHD severity. The Dutch Conners Parent Rating scale (CPRS-R:L) was used to 
assess ADHD severity (i.e., the raw scores of scale N – DSM-IV: total) (Conners et 
al., 1998). We used the CPRS-R:L as it was assessed in all participants (regardless 
of diagnostic status). Moreover, using a continuous measure of ADHD severity al-
lowed us to retain as much information as possible, including the variation of scores 
among unaffected participants.
SST. An adapted version of the SST (Logan et al., 1984) was used to measure re-
sponse inhibition (van Rooij et al., 2015b). Participants were instructed to respond 
as quickly as possible to a Go signal, unless the Go signal was followed by a Stop 
signal after a short interval, in which case they were instructed to withhold their 
response. The delay between Go and Stop signals was adapted on-line, leading to 
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successful inhibition in average 50 % of the Stop trials (see SI). The task started 
with practice block of go trials and a practice block of mixed go and stop trials, 
followed by four blocks of 60 trials (48 Go and 12 Stop trials), separated by one 
minute intervals. 
As behavioural measures of response inhibition, we included the Stop-Signal-Re-
action-Time (SSRT), which reflects the time necessary for subjects to successfully 
inhibit their response; the number of omission and commission errors on go-trails 
(errors); and the intra-individual variability (standard deviation [SD] divided by 
mean reaction time [MRT] over all Go trials) (de Zeeuw et al., 2008). Neural activa-
tion was assessed using the blood-oxygen-level-dependent (BOLD) response during 
performance on the SST. After preprocessing of MRI data (details on image acquisi-
tion and preprocessing can be found in the SI), we calculated first-level contrasts for 
successful and failed Stops (contrast of parameter estimates of successful or failed 
Stops vs Go trails; i.e., Go trial activity was used as an implicit baseline to isolate ac-
tivation unique to the successful and failed Stop trials). For these two contrasts the 
mean BOLD response was extracted from five a-priori defined regions of interests 
(ROIs): the right anterior cingulate cortex (ACC)/ supplementary motor area (SMA), 
right inferior frontal cortex (IFC)/ insula, right thalamus, left caudate head and right 
fusiform gyrus (FG). All are considered core regions of the inhibition system (Hart et 
al., 2013). The ROIs were defined on the basis of Talairach coordinates (ACC/SMA: 
4, 10, 48; IFC/insula: 36, 18, 8; thalamus: 4, -16, 4; caudate: -16, -8, 22; FG: 26, -58, 
-8; transformed to MNI using tal2icbm tools, see http://www.brainmap.org/icbm-
2tal/) derived from a meta-analysis (Hart et al., 2013), with a 6 mm sphere around 
the coordinates (as in Hedden and Gabrieli, 2010). As described in the SI and shown 
in Figure S2, nearly all ROIs showed task activation sensitive to response inhibition. 
Exceptions were the right thalamus and left caudate, which did not fall within the 
task activation maps and were therefore excluded from further analyses.
Genotyping. For the IMAGE sample (parents and children), DNA was extracted from 
blood samples or immortalized cell lines at Rutgers University Cell and DNA Repos-
itory, New Jersey, USA. The genetic variants in DAT1, 5-HTT, and DRD4, were geno-
typed by the IMAGE consortium (Brookes et al., 2006, Xu et al., 2008). Standard PCR 
protocols were used for all VNTR markers and amplified products were visualized 
on 2 % agarose under UV light. Additional NeuroIMAGE samples were collected 
in the form of a saliva sample using Oragene kits (DNA-Genotek; see www.neu-
roimage.nl). VNTRs were genotyped using standard PCR protocols. After the PCR, 
fragment length analysis was performed on the ABI prism 3730 Genetic Analyser 
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(Applied Biosystems, Nieuwekerk a/d IJsel, The Netherlands) and results were ana-
lyzed with GeneMapper® Software, version 4.0 (Applied Biosystems). No deviations 
from Hardy-Weinberg Equilibrium were found (DAT1 p = .78, 5-HTT p = .13, DRD4 p 
= .15). For each gene, participants were divided into groups based on the presence 
or absence of the candidate plasticity alleles (i.e., homozygosity for the 10-repeat 
allele of the DAT1 3’UTR VNTR, the short allele of HTTLPR, the 7-repeat of the DRD4 
exon 3 VNTR). 
DATA ANALYSES
Pearson and Spearman correlations tested for gene-environment correlations be-
tween maternal or adolescent candidate plasticity genes and the environmental 
predictors (Belsky and Pluess, 2009, Knafo and Jaffee, 2013). Linear mixed model 
analyses investigated the effects of EE, peer affiliation, genotype, and GxE inter-
actions on each inhibition outcome measure. Models were run with and without 
the interaction term separately. To correct for familial dependency (i.e., a number 
of participants belonged to the same families), we estimated a random intercept 
for family in each model. Age, sex, and collection site were included as confound-
ers. Separate models were run for each environmental predictor: warmth, criticism, 
positive, and deviant peer affiliation, as for both EE and peer affiliation positive and 
negative scales were not sufficiently correlated to create one scale (r = -.55 and r 
= -.16 respectively). Separate models were run for each potential plasticity gene 
(DAT1, 5-HTT, DRD4) as well. All environmental predictors were centred around 
the mean and the inhibition outcome measures were normalized using Van der 
Waerden’s formula.
A multiple comparisons correction was employed which adjusts for correlated out-
comes based on the effective number of independent tests (M
eff
) (Li and Ji, 2005). 
The M
eff 
was derived from the Eigenvalues of a correlation matrix between the out-
come measures adjusted for covariates (age, sex, and collection site), separate for 
the behavioral (M
eff 
= 3, adjusted p-value threshold: p = 0.05/ 3 = .017) and neural 
data (M
eff
 = 5, adjusted p-value threshold: p = 0.05/ 5 = .010). Regions of Significance 
(RoS) and simple slope tests were performed with an online application designed 
for probing interactions in differential susceptibility research (http://www.yourper-
sonality.net/interaction/, see (Roisman et al., 2012)). 
Sensitivity analyses were performed when significant GxE effects were found 
(that survived the multiple correction threshold). First, to investigate the role of 
ADHD severity, analyses were rerun including main and interaction effects of ADHD 
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severity. Furthermore, separate sensitivity analyses checked whether significant 
effects were present in participants while controlling for nonlinear effects of age 
(age2), medication history, IQ, and comorbid ODD or CD. All analyses (except for RoS 
and simple slope tests) were performed with the Statistical Package for the Social 
Sciences, version 20.0.
RESULTS
Testing for the presence of gene-environment correlations (rGE) revealed one sig-
nificant association between adolescent DAT1 genotype and maternal criticism (r = 
.16, p = .019; see SI, Table S1). Considering the small size of this association, there 
was no reason to believe it may have biased possible GxE effects. In what follows, 
only results that survived correction for multiple testing are discussed. Nominally 
significant effects can be found in Supplemental Tables S2, S3, S4, and S5. 
SSRT, VARIABILITY, AND ERRORS
No significant gene or GxE effects were found when investigating the behavioural 
inhibition measures (Table S3). However, positive and deviant peer affiliation 
were significantly associated with the number of errors (B = -.03, p = .014; B = .03, 
p = .009, respectively, Table S2).
NEURAL ACTIVATION
Maternal warmth and positive peer affiliation were both positively associated with 
the BOLD response in the right IFC during successful stops (B = .23, p = .003; B = .03, 
p = .010, respectively; see Figure 1 and Table S4). In addition, a main effect of 5-HTT 
was found on the BOLD response in the right FG during failed inhibitions. Carriers of 
the HTTLPR short allele showed more activation compared with carriers of two long 
alleles (B = .28, p = .003; see Figure 2 and Table S4). Finally, a significant interaction 
between DRD4 and positive peer affiliation was found on the BOLD response in the 
right FG during successful inhibitions (B = -.07, p = .006; Table S5). As can be seen in 
Figure 3, carriers of the 7-repeat allele had less activation when scoring higher on 
positive peer affiliation (simple slope p = .004), while carriers without the 7-repeat 
showed no association (simple slope p = .443).
SENSITIVITY ANALYSES
To investigate the possible role of ADHD on the above described significant effects, 
sensitivity analyses were run with ADHD severity as a moderator. A significant in-
teraction between ADHD severity and positive peer affiliation was found on IFC ac-
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tivation during successful stops (p = .001). Only participants scoring low on ADHD 
severity showed a positive association between the BOLD response in the IFC and 
positive peer affiliation (p = .001), while participants with high ADHD severity did 
not (p = .626). No further significant two or three-way interactions were found (all 
p-values ≥ .047), nor did including a main effect of ADHD severity change the re-
maining significant effects. When we accounted for nonlinear age effects, IQ, ODD, 
CD, and medication history by rerunning analyses with these measures in the mod-
el, the significant effects of deviant peer affiliation and maternal warmth did not 
change. Exceptions were the effect of positive peer affiliation on the number of 
errors, which was no longer significant when IQ (p = .086) or medication history (p 
= .171) were included, and the effect of positive peer affiliation on IFC activation, 
which was no longer significant when medication use was included (p = .058).
FIGURE 1 A: Association between maternal warmth and the BOLD response in the right 
inferior frontal cortex (rIFC) during successful inhibition (B = .23, p = .003; normal score [0] 
= BOLD signal change 42.54). B: Association between positive peer affiliation and the BOLD 
response in the right inferior frontal cortex (rIFC) during successful inhibition (B = .03, p = 
.010; normal score [0] = BOLD signal change 41.57).
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.  
FIGURE 3 Interaction between DRD4 and positive peer affiliation on the BOLD response in 
the right fusiform gyrus (rFG) during successful inhibition (B = -.07, p = .006; normal score 
[0] = BOLD signal change 8.61). The shaded areas indicate the regions of significance (RoS), 
lower threshold: X = -7.86; upper threshold: X =.93.  
FIGURE 2 Association between 5-HTT and the BOLD response in the right fusiform gyrus 
(rFG) during failed inhibition (B = .28, p = .003; normal score [0] = BOLD signal change 8.61).
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DISCUSSION
We investigated the applicability of the differential susceptibility theory by studying 
GxE effects on behavioral and neural correlates of response inhibition. A GxE effect 
was found between DRD4 and positive peer affiliation on the BOLD response during 
successful inhibitions in the right FG.  In addition, a main effect of 5-HTT was found 
on the BOLD response in the right FG during failed inhibitions. Furthermore, both 
maternal warmth and positive peer affiliation were positively associated with the 
BOLD response in the right IFC during successful inhibition. Post-hoc results indicat-
ed that the latter association with peer affiliation was driven by participants scoring 
low on ADHD severity. Finally, we found that deviant peer affiliation was positively 
related to the number of errors made during task performance. To the authors’ 
knowledge this is the first study to report GxE and positive environmental associa-
tions with response inhibition-related neural activation. 
The interaction between DRD4 and positive peer affiliation revealed a negative as-
sociation between positive peer affiliation and the right FG BOLD response during 
successful inhibition for 7-repeat carriers only. On the one hand, this pattern was 
consistent with differential genetic susceptibility (Belsky et al., 2009). That is, only 
carriers of the candidate susceptibility variant showed a differential association be-
tween the environment and neural activation; with higher activation when exposed 
to low, but lower activation when exposed to high positive peer affiliation com-
pared to individuals without the 7-repeat allele. However, based on previous asso-
ciations of reduced neural activation during successful inhibition in individuals with 
ADHD - including the right FG (Hart et al., 2013) - we had hypothesized that reduced 
activation would be related to worse outcome and increased activation to positive 
outcome. When viewed this way, the negative correlation with positive peer affil-
iation (i.e. worse outcome associated with a positive environment) is opposite to 
what one would expect. Indeed, for both maternal warmth and positive peer affil-
iation we found a positive correlation with the right IFC activation. Consistent with 
the latter findings, a previous study demonstrated decreased IFC activation when 
exposed to negative environmental influences (Holz et al., 2014).
Nonetheless, the IFC and FG might be involved in different aspects of inhibition. 
While the IFC has received ample attention regarding its role in inhibition (e.g., as a 
brake (Aron et al., 2014) or related to saliency detection and initiation of a broader 
control network (Hampshire, 2015) ), the FG has not. Studies that have focused on 
the FG during response inhibition suggest it is involved with the visual processing of 
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the stop cues. Thus, despite association between decreased activation and ADHD, 
decreased neural activation in the FG might not necessarily reflect negative out-
come. However, the lack of association with behavioral inhibition measures, makes 
it difficult to differentiate between higher activation as reflecting more attention to 
the inhibition cue, a stronger reaction to the inhibition cue, or increased effort to 
inhibit (Hampshire et al., 2010, Hampshire, 2015). In all, our findings appear con-
sistent with differential susceptibility, but further knowledge on the role of FG in 
response inhibition is needed.
Possibly, the increased activation found in DRD4 7-repeat carriers when exposed to 
low positive peer affiliation (and vice versa) is the result of increased dopamine, as 
the 7-repeat is associated with increased dopamine availability (Congdon and Canli, 
2008). Moreover, negative social environments have been related to increased do-
pamine levels in animal studies as well (Hall and Perona, 2012). A similar mechanism 
might explain our finding that carriers of HTTLPR short allele showed increased ac-
tivation in the right fusiform gyrus during failed inhibitions, as both dopamine and 
serotonin neurotransmission are considered relevant for cognitive control (Cools 
et al., 2011). The HTTLPR short allele has been associated with increased serotonin 
availability (Lesch et al., 1996). Our results are in line with the increased activation 
found during failed inhibitions in posterior nodes, including the cerebellum and 
cingulate cortex, by our group (Van Rooij et al., 2015a). Although here decreased 
activations were found in frontal nodes of response inhibition during successful in-
hibitions as well, leading to the suggestion of compensatory neural activations in 
the posterior areas for carriers of the S/S genotype (Van Rooij et al., 2015a). 
Although the majority of studies have focused specifically on detrimental effects 
of adverse environments on inhibitory control, the importance of positive parental 
and peer influences becomes apparent when focusing on self-regulation literature. 
Response inhibition forms an important part of self-regulation (Diamond, 2013). 
Self-regulation develops through complex interactions between a child and his or 
her social environment, i.e., parents at first and later peers as well (Farley and Kim-
Spoon, 2014). Positive parenting and high-quality relationships with peers promote 
optimal self-regulation skills (Farley and Kim-Spoon, 2014, Lewis et al., 2007). Thus, 
in agreement with studies on self-regulation, our results of maternal warmth and 
peer affiliation indicate the importance of positive environmental influences when 
investigating brain responses related to self-control. 
The association between positive peer affiliation and IFC activation was moderat-
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ed by ADHD severity; only participants scoring low on ADHD severity showed the 
observed positive association. Previous studies have shown that individuals with 
ADHD show lower IFC activation during successful inhibition than healthy controls 
(Hart et al., 2013). Possibly, the neural activation in adolescents scoring high on 
ADHD severity differs in such a magnitude that this overshadows potential effects 
of peer influences. Although speculative, the finding that the association with ma-
ternal warmth was present regardless of ADHD severity, while the association with 
peer affiliation was not, could suggest parental influences are more important for 
inhibition-related brain processes of adolescents with ADHD when compared to 
peer influences. Additional studies focusing on the effects of parenting and peer 
influences on neural correlates of inhibition are warranted.  
On the behavioral level we found that participants scoring high on deviant peer af-
filiation made more errors. Initially, an association was found with positive peer af-
filiation as well; however, sensitivity analyses indicated reduced effects when IQ or 
medication use were included. Whether or not to correct for IQ when investigating 
neurocognitive function is the subject of ongoing debate (Dennis et al., 2009). Be-
cause adequate task performance is intertwined with IQ and, similarly, medication 
is prescribed to enhance behavioral functioning, including these measures as co-
variates might lead to overcorrection. The findings do suggest, however, a stronger 
effect of deviant than positive peer affiliation, as the former association survived 
our sensitivity analyses. Our results agree with previous studies reporting negative 
associations between adverse (early) family environments or stress and inhibitory 
control or impulsivity (Lewis et al., 2007, Polanska et al., 2012, Beydoun and Saftlas, 
2008, Counts et al., 2005). However, two studies found no effects of psychosocial 
adversity or maternal anxiety on the estimated speed of inhibition (SSRT) (Nigg et 
al., 2007, Van den Bergh et al., 2005), which is consistent with the absence of SSRT 
associations in our results. The effects of deviant and positive peer affiliation on 
errors rather than the SSRT, here, indicate that environmental factors may influence 
more general attentional processes involved in the tasks, rather than (behavioral) 
response inhibition specifically (Overtoom et al., 2009, Bekker et al., 2005).
This study should be viewed in light of a number of strengths and limitations. 
Strengths were the use of a well-characterized sample, inclusion of both positive 
and negative environments, with both parental and peer influences assessed, and 
the analysis of both behavioral and neural measures of response inhibition. A lim-
itation was that not all participants had an EE measurement. This led to loss of 
power, unequal numbers, and an unequal distribution of ADHD and controls in the 
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EE versus peer affiliation analyses. However, sensitivity analyses with a continuous 
measure of ADHD severity available in participants with and without ADHD sug-
gested that the unequal distribution had not biased our results. Furthermore, as 
discussed above, our study design was cross-sectional, therefore no conclusions 
can be drawn on causality. For example, it could be that rIFC activation causes ad-
olescents to attract or affiliate with more ‘positive’ peers. Future studies with lon-
gitudinal designs are needed to establish a direction of causality. Finally, although 
we chose three a-priori ROIs considered to be main nodes of the inhibition-network 
(Hart et al., 2013), there are several other brain regions relevant for response inhibi-
tion that are worth further investigation (e.g., the left IFC; see (Swick et al., 2008)). 
To conclude, evidence was found consistent with differential genetic susceptibility 
for neural activation in the right FG. Our results indicate the importance of positive 
and negative social environments in behavioral and neural response inhibition. The 
findings extend previous research that thus far focused only on adversity. Clinically, 
this suggests that focusing on the positive social environment can be fruitful when 
targeting impaired inhibition, and may also depend on DRD4 genotype. Before defi-
nite conclusions can be made as to how GxE interplay plays a role and environ-
mental influences are involved in interindividual differences in response inhibition, 
replication of our findings in independent samples is necessary.
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SUPPLEMENTARY INFORMATION CHAPTER 5
PARTICIPANT INCLUSION
Figure S1 shows the exact numbers for inclusion and details on exclusion criteria. 
The Stop-Signal task was administered to 529 participants, of which 503 had correct 
behavioural and 470 correct neural data. Sample size depended further in particular 
on the availability of expressed emotion (EE) and peer affiliation; EE was assessed 
only when the diagnostic interview was administered. Final sample sizes depended 
on the availability of genotypes.  
FIGURE S1 Flowchart of participant inclusion for data on the Stop-Signal task, expressed 
emotion, peer affiliation and genotype. Final numbers under ‘genotype’ depict the numbers 
used in analyses of gene-environment interactions.
Adminstered Stop-
Signal task to 
n=529 participants
Behavioral data
n=503
Expressed 
Emotion data
n=221 
Genotype
DAT1 n=206
5-HTT n=216
DRD4 n=217
ADHD 
diagnosis
n=165-172
Peer Affiliation 
data
n=478
Genotype
DAT1 n=452
5-HTT n=468
DRD4 n=468
ADHD 
diagnosis
n=178-185
Neural data
n=470
Expressed 
Emotion data
n=204
Genotype
DAT1 n=191
5-HTT n=199
DRD4 n=200
ADHD 
diagnosis
n=153-158
Peer Affiliation 
data
n=451
Genotype
DAT1 n=429
5-HTT n=442
DRD4 n=442
ADHD 
diagnosis
n=167-171
Participants excluded (n=26)
- Accuracy <70% n=6
- Task difficulties n=14
- Medication use n=5
- Technical problems n=1
Additional exclusion (n=33)
- Excessive movement n=10
- Scientific or clinically relevant 
findings n=16
- Technical problems n=2
- Insufficient clean data n=5
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STOP-SIGNAL TASK
An adapted version of the Stop-Signal task (SST) (Logan et al., 1984) was used to 
measure response inhibition (van Rooij et al., 2015b). Participants were instruct-
ed to respond as quickly as possible to a visually presented Go signal (an aircraft 
pointing left or right). In 25 % of trials the Go stimulus was followed by a visual stop 
signal (a white cross superimposed on the Go stimulus), requiring participants to 
withhold their response. The delay between the presentation of the Go and Stop 
signals (the Stop-Signal Delay or SSD) was adapted on-line, thereby leading to suc-
cessful inhibition in 50 % of the Stop trials for each participant. At the onset of the 
practice run, the SSD was set to 250 ms; after each successful inhibition the SSD 
was increased with 50 ms (making successful inhibition harder). In contrast, after 
each failed inhibition the SSD was decreased with 50 ms to facilitate inhibition on 
the next Stop trial. The SSD reached at the end of each run was forwarded to the 
next run. We administered one practice run of 60 trials (48 Go and 12 Stop trials) 
outside of the scanner and four runs of 60 trials during fMRI acquisition. If subject 
performance was below 25 % after the second practice run, additional practice runs 
were obtained until they reached 25 % successful inhibitions. All subjects entered 
into the analysis were verified to perform at around 50 % accuracy during Stop tri-
als. After completion of the task we estimated the length of the inhibition process 
using the Stop-Signal Reaction Time (SSRT), which was calculated by subtracting 
the mean SSD from mean reaction time. Intra-individual variability and number of 
total omission and commission errors on Go trials (errors) were additional outcome 
measures of the SST.
FMRI ACQUISITION
Imaging was conducted at two locations (VU UMC Amsterdam and Donders Center 
for Cognitive Neuroimaging Nijmegen) using two comparable 1.5 Tesla MRI scan-
ners (Avanto / Sonata Siemens), identical product 8-channel head coils and closely 
matched scan protocols. The Stop-Signal task was collected in four fMRI runs of 60 
trials using a T2* weighted echo-planar imaging scanning (EPI) sequence (37 axial 
slices, repetition time = 2340 ms, echo time = 40 ms, voxel size = 3.5 x 3.5 x 3.5 mm, 
interslice gap = 0.5 mm, field of view = 224 mm, flip angle = 90°). Before acquisition 
of functional images, a high-resolution T1-weighted MP-RAGE anatomical scan was 
obtained (176 sagittal slices, repetition time = 2730 ms, echo time = 2.95 ms, inver-
sion time = 1000 ms, flip angle = 7°, voxel size = 1.0 x 1.0 x 1.0 mm, field of view = 
256 mm), which was used for spatial localization and normalization. The Stop-Signal 
task was part of a longer scanning session that included other fMRI and DTI scans. 
The order of fMRI scans was randomized across participants. 
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FMRI PREPROCESSING
fMRI data were processed using FSL FEAT (FMRIB’s Software Library, www.fmrib.
ox.ac.uk/fsl; fMRI Expert Analysis Tool, version 6.0). Preprocessing included remov-
al of the first four volumes of each run, within run motion correction to the middle 
volume, slice-timing correction, spatial smoothing using a 6mm Gaussian kernel, 
and highpass temporal filtering (0.01 Hz). For all runs we calculated transformation 
to the participant’s T1 anatomical image using linear, boundary-based registration 
implemented in FSL-FLIRT.
 
To avoid registration bias when registering adolescent brains to the adult-based 
MNI152 template we used a custom-built study template. This template was gen-
erated by averaging across all T1-scans of participants in the NeuroIMAGE study 
(n = 787), with a resolution of 2 x 2 x 2 mm after non-linear transformation to 
MNI152 space using FSL FNIRT (www.fmrib.ox.ac.uk/fsl). Subsequently we recal-
culated each participant’s non-linear warp-field from its T1 to the custom template 
(FSL FNIRT).
FMRI ANALYSIS
First, general linear models were constructed for each participant. Factors of inter-
est were successful stop, failed stop and successful go-trials. Failed go-trials, move-
ment trials (trials within an 8 second interval before movements exceeding 1 mm), 
signal from cerebral spinal fluid and white matter, and 24 realignment parameters 
were added as covariates. Single-subject beta-maps were transformed to partici-
pant-level anatomical space (3 mm isotropic resolution) using linear transforma-
tion matrices obtained via boundary-based registration in FSL, and combined across 
runs using a fixed effects model. This resulted in two participant-level contrast maps 
(successful stop - go and failed stop - go, i.e., we used go trial activity as an implic-
it baseline to isolate activation unique to the successful and failed stop trials). To 
check whether the chosen ROIs (right anterior cingulate cortex [ACC]/ supplemen-
tary motor area [SMA],right inferior frontal cortex [rIFC]/ insula, right fusiform gy-
rus [FG], right thalamus, and left caudate head) fall within the response inhibition 
network (see van Rooij and others 2015), Figure S2 shows the task activation maps 
including the selected ROIs. In addition, we tested whether the extracted mean 
BOLD response was significantly larger than zero. This indeed was the case for the 
mean BOLD response in the rACC/SMA, rIFC/insula, and rFG during both success-
ful (rACC/SMA: B = 21.59, p < .001; rIFC/insula: B = 38.97, p < .001; rFG: B = 7.05, 
p < .001) and failed inhibitions (rACC/SMA: B = 42.47, p < .001; rIFC/insula: B = 
57.32, p < .001; rFG: B = 9.81, p < .001). However, the mean BOLD response in the 
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right thalamus was only significantly larger than zero during failed inhibitions (suc-
cessful: B = 3.47, p < .001; failed: B = .77, p = .232). In the left caudate the mean 
BOLD response was negative during both successful (B = -.44, p <.01) and failed 
inhibitions (B = -3.44, p < .001). Therefore, in further analyses we only included ROIs 
that fell within the task activation maps and had a mean BOLD response larger than 
zero for successful and failed inhibitions: rACC/SMA, rIFC/insula, and rFG.
FIGURE S2 Task activation maps for successful (A) and failed (B) inhibitions (MNI-coordi-
nates: [I] 4, 18, 6; [II] 41, -75, -27; [III] -18, -8, 20; [IV] -2, -16, 4), adapted from van Rooij 
and others (2015), showing the selected ROIs in red: (I) right anterior cingulate cortex/ 
supplementary motor area (MNI 6, 14, 48) and right inferior frontal cortex/insula (MNI 40, 
20, 2), (II) right fusiform gyrus (MNI 26, -59, -13), (III) right thalamus (MNI 4, -17, 3), and (IV) 
left caudate head (MNI -16, 9, 23) . Right side of the brain is left in the image. Yellow hues 
correspond to higher signal; color scale is z(0-10).
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TABLE S1 - Correlations between maternal or adolescent’s genotype and maternal 
expressed emotions and peer affiliation
Positive peer 
affiliation
Deviant peer 
affiliation
Maternal 
warmth
Maternal 
criticism
Adolescent’s genotype
DAT1a -.03 .03 -.09   .16*
5-HTT b -.06 .05 -.08 .04
DRD4c -.04 .03  .01 .00
Maternal genotype
DAT1a -.02 .04 -.11   .08
5-HTT b  .02 .09  .00 -.03
DRD4c  .07 -.05 -.03 -.03
Note: pearson correlation analyses were performed for the EE measures and Spearman correlations for peer affil-
iation. a10/10 genotype present or absent; bshort allele present or absent; c7-repeat allele present or absent short 
allele present or absent. *Significant at p ≤ .05
TABLE S2 - Mixed model analyses testing the separate main effects of maternal 
expressed emotions, peer affiliation, and plasticity genes on behavioural measures of 
inhibition
Errors Variability SSRT
B SE P B SE P B SE P
Main EE effects
1 Warmth -.04 .07 .587 .06 .07 .427 -.08 .08 .292
2 Criticism .07 .07 .343 -.03 .07 .639 .13 .08 .082
Main PA effects
1 Positive PA -.03 .01 .014 -.02 .01 .037 -.01 .01 .333
2 Deviant PA .03 .01 .002 .02 .01 .058 .02 .01 .084
Main gene effects
1 DAT1a -.05 .09 .559 .01 .09 .886 -.06 .09 .499
2 5-HTTb .00 .09 .963 -.04 .09 .646 -.02 .09 .869
3 DRD4c -.04 .09 .651 -.03 .09 .748 -.04 .10 .685
Note: areference group: 10/10 genotype; breference group: short allele absent; creference group: 7-repeat absent. 
PA = peer affiliation. Findings in bold are significant after correction for multiple testing (p < .017), findings in bold 
and italic are nominally significant (i.e. not significant after correction for multiple testing; p ≤ .05). All analyses 
were corrected for age, sex, and collection site.
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TABLE S3 - Mixed model analyses testing interaction effects between plasticity genes and 
maternal expressed emotion or peer affiliation on behavioural measures of inhibition
SSRT Variability Errors
B SE p B SE p B SE p
1 Warmth -.08 .10 .433 .10 .09 .261 -.07 .09 .439
DAT1a -.18 .14 .196 .17 .13 .195 -.22 .13 .093
DAT1a *Warmth .00 .16 .990 -.15 .15 .317 .05 .15 .724
2 Warmth -.09 .12 .469 .23 .12 .046 -.13 .12 .258
5-HTTb -.09 .14 .529 -.01 .13 .968 -.02 .13 .888
5-HTTb*Warmth .04 .16 .806 -.26 .15 .087 .15 .15 .303
3 Warmth -.07 .09 .463 .08 .09 .343 -.02 .09 .839
DRD4c -.02 .14 .910 -.05 .13 .684 -.22 .13 .104
DRD4c*Warmth -.02 .16 .923 -.02 .16 .902 -.10 .16 .543
1 Criticism .13 .09 .169 -.09 .09 .298 .06 .09 .527
DAT1a -.16 .14 .252 .18 .13 .165 -.22 .13 .107
DAT1a*Criticism -.03 .17 .866 .22 .15 .144 -.03 .16 .860
2 Criticism .09 .11 .406 -.06 .10 .554 .11 .10 .296
5-HTTb -.09 .14 .502 .01 .13 .925 -.02 .13 .866
5-HTTb*Criticism .04 .15 .797 .08 .14 .576 -.10 .14 .477
3 Criticism .10 .09 .242 -.07 .08 .429 .06 .08 .496
DRD4c -.02 .14 .903 -.06 .13 .659 -.21 .13 .109
DRD4c*Criticism .05 .16 .748 .15 .15 .312 .00 .15 .984
1 Positive PA -.01 .02 .588 -.04 .01 .008 -.04 .01 .014
DAT1a -.07 .09 .452 .03 .09 .757 -.06 .09 .530
DAT1a *Positive PA .02 .03 .534 .05 .02 .036 .04 .02 .079
2 Positive PA .02 .02 .434 -.07 .08 .429 .00 .02 .797
5-HTTb -.02 .09 .805 -.06 .13 .659 -.01 .09 .898
5-HTTb *Positive PA -.04 .03 .148 .15 .15 .312 -.03 .02 .199
3 Positive PA -.01 .02 .639 -.03 .02 .126 -.04 .01 .004
DRD4c -.05 .10 .614 -.03 .09 .708 -.04 .09 .682
DRD4c*Positive PA .00 .03 .943 .01 .02 .760 .05 .02 .055
1 Deviant PA .00 .01 .937 .03 .01 .054 .03 .01 .023
DAT1a -.05 .09 .584 .02 .09 .786 -.04 .09 .640
DAT1a *Deviant PA .05 .02 .022 -.01 .02 .730 .01 .02 .551
2 Deviant PA .00 .02 .814 .03 .02 .087 .02 .01 .293
5-HTT -.02 .09 .823 -.03 .09 .719 .00 .09 1.000
5-HTTb *Deviant PA .04 .02 .078 -.01 .02 .655 .03 .02 .129
3 Deviant PA .01 .01 .702 .03 .01 .048 .03 .01 .048
DRD4c -.04 .10 .708 -.03 .09 .757 -.04 .09 .684
DRD4c*Deviant PA .03 .02 .190 -.01 .02 .501 .01 .02 .465
Note: areference group: 10/10 genotype; breference group: short allele absent; creference group: 7-repeat absent. 
PA = peer affiliation. Findings in bold are significant after correction for multiple testing (p < .017), findings in bold 
and italic are nominally significant (i.e. not significant after correction for multiple testing; p ≤ .05). All analyses 
were corrected for age, sex, and collection site.
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ABSTRACT
Background: Total brain and subcortical volume reductions have been linked to 
Attention-Deficit/Hyperactivity Disorder (ADHD). Identifying mechanisms underly-
ing these alterations, therefore, is of great importance for clarifying the aetiology 
and pathophysiology of the disorder. We investigated the role of gene-environment 
interactions (GxE) in interindividual variability of total grey matter (GM), caudate, 
and putamen volumes.
Methods: Brain volumes were derived from structural magnetic resonance imag-
ing scans in participants with (n = 312) and without ADHD (n = 437) from n = 402 
families (age M = 17.00, SD = 3.60). GxE effects between DAT1, 5-HTT, and DRD4 
and social environments (maternal expressed warmth and criticism; positive and 
deviant peer affiliation) as well as the possible moderating effect of age were exam-
ined using linear mixed modelling. We also tested whether findings depended on 
ADHD severity. 
Results: The DAT1 9-repeat allele and deviant peer affiliation were associated with 
lower caudate volume. Participants with low deviant peer affiliations had larger to-
tal GM volumes with increasing age. Likewise, developmentally sensitive GxE ef-
fects were found on total GM and putamen volume. For total GM, differential age 
trajectories were found for DAT1 9-repeat and HTTLPR L/L genotypes, depending 
on the amount of positive peer affiliation. For putamen volume, DRD4 7-repeat 
carriers and DAT1 10/10 homozygotes showed opposite age relations depending on 
positive peer affiliation and maternal criticism, respectively. All results were inde-
pendent of ADHD severity.
Conclusions: The presence of differential age-dependent GxE effects might explain 
the diverse and sometimes opposing results of environmental and genetic effects 
on brain volumes observed so far. 
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INTRODUCTION
Reductions of total brain and subcortical volumes have been linked to various forms 
of psychopathology including Attention-Deficit/Hyperactivity Disorder (ADHD) 
(Frodl and Skokauskas, 2012, Goodkind et al., 2015). Identifying mechanisms un-
derlying these alterations is of great importance as a means of understanding the 
link between behaviour and brain structure. Both genetic and environmental fac-
tors play a crucial role in determining interindividual variability in brain architecture 
(Gu and Kanai, 2014). Twin studies have revealed moderate to high heritability es-
timates for several brain structures (40-97 %) (Peper et al., 2007, den Braber et al., 
2013) and population-based and case-control studies show effects of specific genet-
ic variants in brain volume variation (e.g., Stein et al., 2011, Stein et al., 2012, Hibar 
et al., 2015). A number of studies have focused on associations with dopamine- 
and serotonin-related genes. For example, the short allele of a functional promoter 
polymorphism in the serotonin transporter gene (SLC6A4/ 5-HTT) - HTTLPR - has 
been related to reduced anterior cingulate gyrus and amygdala volumes in healthy 
adults (Frodl et al., 2008), frontal cortex reductions in adults with obsessive-com-
pulsive disorder and in healthy controls (Frodl et al., 2008, Atmaca et al., 2011), and 
to smaller caudate, and both smaller and larger hippocampal volumes in adults with 
major depression (Hickie et al., 2007, Taylor et al., 2005) and healthy controls (Price 
et al., 2013). The 10-repeat variant of a variable number tandem repeat (VNTR) 
polymorphism in the 3’untranslated region (UTR) of the dopamine transporter gene 
(SLC6A3/DAT1) has been related to smaller caudate volumes in children with ADHD 
and controls (Durston et al., 2005, Shook et al., 2011). Furthermore, variants of  a 
VNTR in exon 3 of the dopamine receptor D4 gene (DRD4) have been associated 
with thinner frontal and parietal cortex thickness, and less prefrontal grey matter 
(GM) volume in children with ADHD and healthy controls as well (Durston et al., 
2005, Shaw et al., 2007b). 
Besides genetic factors, environmental influences have also been associated with 
brain volume changes. These include not only the effects of negative experiences, 
such as childhood maltreatment and early life stress (Teicher et al., 2006, Belsky 
and de Haan, 2011, Tottenham and Sheridan, 2009, Hart and Rubia, 2012, Teicher 
and Samson, 2013), but also the effects of positive influences, such as maternal 
warmth or support (Whittle et al., 2014, Luby et al., 2012) and, in animal studies, 
enriched environments (Sale et al., 2014). However, studies have reported inconsis-
tent findings with findings of both reduced and enlarged volumes for both positive 
and negative environmental experiences. These inconsistencies could be due to 
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methodological issues, such as differences in sample characteristics. For example, 
the majority of studies have used relatively small samples, with most including less 
than 100 participants (see e.g. Teicher and Samson, 2013 for an overview). Other 
possible explanations for the inconsistent findings include differences in the timing 
of environmental exposure on the maturing brain (Teicher and Samson, 2013), or 
the moderation of environmental influences or developmental effects by genes.  
Genetic and environmental influences are not isolated from one another: genes 
and environment continuously work together throughout brain development (Gu 
and Kanai, 2014, Hyde et al., 2011). Gene-environment interactions (GxE) could 
therefore contribute to the heterogeneous findings when genes and environment 
are studied in isolation. Evidence for GxE effects on brain volumes is scarce and 
has come primarily from studies of the interaction of adverse life events with func-
tional variants of the brain-derived neurotrophic factor (BDNF) gene and the sero-
tonin-transporter-linked polymorphic region (HTTLPR). These studies showed that 
carriers of the Met allele of a single nucleotide polymorphism (SNP) - Val66Met 
- located in BDNF, or carriers of the HTTLPR short allele, had reduced hippocampal 
and anterior cingulate cortex (ACC) Grey Matter (GM) volumes when exposed to 
high levels of (childhood) adversity (Gatt et al., 2009, Carballedo et al., 2013, Rabl 
et al., 2014, Everaerd et al., 2012, Frodl et al., 2010, Canli et al., 2006, Gerritsen 
et al., 2012). Although, besides effects on GM volumes in the caudate and several 
other brain regions for HTTLPR short allele carriers, one study also found carriers 
of two HTTLPR long alleles had larger hippocampal and amygdala volumes when 
exposed to more stressful life events (Canli et al., 2006). For BDNF, an interaction 
with early life stress on amygdala GM volume was found as well (Gatt et al., 2009). 
Yet, null findings have also been reported in studies of BDNF x Childhood adversity 
effects on hippocampal and amygdala volumes (Hernaus et al., 2014, Gerritsen et 
al., 2012). Importantly, these studies focused only on genetic vulnerability to the 
effects of adverse life events. Although this is in agreement with the commonly 
applied diathesis-stress or dual-risk models (Zubin and Spring, 1977), recent litera-
ture also emphasizes the protective effects of positive environments in combination 
with specific genetic variants (Belsky et al., 2009, Belsky, 1997, Belsky, 2005, Ellis et 
al., 2011). Thus, studies reporting on GxE effects in relation to brain volumes so far 
have revealed only the negative side of the story. 
Because the brain develops throughout the lifespan, one must consider develop-
mental brain maturation when studying the effects of genes, the environment, and 
their interplay on brain volumes. Longitudinal developmental studies have demon-
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strated that overall cortical and subcortical GM volumes show curvilinear or ‘invert-
ed-U’-like developmental trajectories with age, with the steepest growth found in 
early childhood and reductions reported from (pre)adolescence onwards, although 
there is much heterogeneity in developmental trajectories (Raznahan et al., 2014, 
Brain Development Cooperative, 2012, Wierenga et al., 2014). For example, indi-
viduals with ADHD appear to have different developmental trajectories of cortical 
thickness and subcortical volumes when compared to healthy controls (Shaw et al., 
2013, Greven et al., 2015, Shaw et al., 2007a). It is likely that both direction and 
degree of environmental effects on neural structures depend on age, as child and 
adult studies on early adversity often show different or even opposite effects (Tot-
tenham and Sheridan, 2009). Moreover, it is likely that the timing of environmental 
exposures plays a role in which brain regions are sensitive to environmental effects 
(Teicher and Samson, 2013). Together, these findings suggest that developmental 
differences should be taken into account when studying GxE effects on brain vol-
umes in childhood and adolescence.
In the present cross-sectional study we set out to investigate possible main and in-
teraction effects of candidate genes and the social environment along with the pos-
sible moderating role of age on brain volumes in a large sample of children, adoles-
cents, and young adults with and without an ADHD diagnosis. We aimed to advance 
previous studies by investigating positive and negative environmental influences. 
Maternal expressed warmth and criticism as well as positive and deviant peer af-
filiation were chosen, as both parent and peer influences are important social en-
vironments during development and have been associated with neural alterations 
(Whittle et al., 2014, Chein et al., 2011). We focused on candidate variants in the 
DAT1, 5-HTT, and DRD4 genes. As reviewed above, these genetic variants have been 
associated with neural structure volumes, and have been associated with ADHD 
(Gizer et al., 2009, Caylak, 2012) and shown to interact with the environment in both 
children with and without ADHD (Belsky and Pluess, 2009). We focused on total 
GM, caudate, and putamen volumes, as these have been shown to differ between 
individuals with ADHD and (healthy) controls by our group (Greven et al., 2015). In-
dividuals with ADHD had smaller total brain and GM volumes compared to controls 
(2.5-3.0 %), whereas for caudate and putamen volumes the differences had a devel-
opmental nature; controls showed a decrease in size over age, while individuals with 
ADHD did not (Greven et al., 2015). Because of the importance of developmental 
effects on brain maturation, we included a large sample with a broad age-range, 
which allowed us to explore the modulating role of age on the effects of genes, so-
cial environment, and their interaction on total GM, caudate, and putamen volumes. 
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METHODS
PARTICIPANTS
Participants were selected from a follow-up (2009-2012) of the Dutch part of the 
International Multicenter ADHD Genetics (IMAGE) study, performed between 2003-
2006 (see (Brookes et al., 2006b)). At first enrolment in IMAGE, families with at least 
one child with combined type ADHD and at least one biological sibling (regardless 
of ADHD diagnosis) were recruited, in addition to control families with at least one 
(unaffected) child and no formal or suspected ADHD diagnosis in first-degree fam-
ily members. Inclusion criteria for children into IMAGE were an age between 5-19 
years, European Caucasian descent,  IQ ≥ 70, and no diagnosis of autism, epilepsy, 
general learning difficulties, brain disorders, or known genetic disorders (such as 
Fragile X syndrome or Down syndrome). All families were reinvited for a follow-up 
measurement with a mean follow-up period of 5.9 years (SD = .74) in Amsterdam 
or Nijmegen. At this follow-up, a comprehensive assessment protocol was adminis-
tered, encompassing behavioural questionnaires, a diagnostic interview (assessing 
ADHD, Oppositional Defiant Disorder [ODD], Conduct Disorder [CD]), and several 
neurocognitive measures from all family members, and an extensive MRI scanning 
protocol in participating children. Participants were asked to withhold use of psy-
choactive drugs for 48 hours before measurement. To determine ADHD diagnoses 
at the follow-up measurement, a standardized algorithm was applied to a combi-
nation of questionnaires and a semi-structured diagnostic interview. For a detailed 
description of the assessment protocol, including the diagnostic procedure see (von 
Rhein et al., 2015). The study was approved by the local ethics committees, and 
informed consent was signed by all participants and their parents (parents only 
provided consent for participants under 12 years of age). 
In the current analyses participants were included when information was available 
on structural MRI, genotype, and maternal expressed emotion (EE) or peer affili-
ation. The final sample included n = 312 participants with ADHD, n = 80 with sub-
threshold ADHD (i.e., elevated symptoms of ADHD without meeting the full criteria 
for an ADHD diagnosis), and n = 357 participants without ADHD, from n = 402 fami-
lies. Sample size depended in particular on the availability of EE and peer affiliation 
(n = 360 versus n = 726), as EE could only be assessed when the diagnostic interview 
was administered. This led to an unequal distribution of participants with or with-
out an ADHD diagnosis in the EE versus peer affiliation selection. Therefore, partic-
ipant characteristics in Table 1 are displayed separately for EE and peer affiliation. 
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TABLE 1 - Participant characteristics
 Expressed emotions selection Peer affiliation selection
 n M / % SD n M / % SD
Number of families 253 396
ADHD diagnosis 279 78% 293 40%
  Inattentive type 126 35% 134 19%
  Hyperactive-Impulsive type 28 8% 35 5%
  Combined type 125 35% 124 17%
Subthreshold 45 13% 78 11%
Unaffected 36 10% 355 49%
ADHD severity (CPRS) 353 20.82 11.52 711 12.35 12.01
ODD diagnosis 96 27% 94 13%
CD diagnosis 20 6% 19 3%
History of stimulant use 261 80% 271 42%
Male 237 66% 403 56%
Collection site (Amsterdam) 146 41% 376 52%
Age 360 16.74 3.37 726 17.02 3.62
Estimated IQ 359 97.49 14.82 721 101.61 14.87
Maternal warmth/ Positive PA 360 1.58 0.85 713 22.47 3.5
Maternal criticism/ Deviant PA 360 1.68 0.87 726 14.63 4.3
Total brain 360 1257.36 124.09 726 1256.21 124.6
Gray matter 360 738.69 69.75 726 738.43 72.37
Left caudate 360 3.95 0.46 726 3.97 0.47
Right caudate 360 4.10 0.50 726 4.11 0.5
Total caudate 360 8.06 0.94 726 8.08 0.95
Left putamen 360 5.47 0.61 726 5.45 0.6
Right putamen 360 5.44 0.60 726 5.43 0.59
Total putamen 360 10.91 1.19 726 10.88 1.17
DAT1 342 687
  9-repeat present 133b 39% 267c 39%
  9-repeat absenta 209 64% 420 61%
5-HTT 355 709
  Short allele present 232d 65% 461e 65%
  Short allele absent 123 35% 248 35%
DRD4 354 706
  7-repeat present 123 35% 253 36%
  7-repeat absent 230 65%   453 64%  
Note: CPRS = Conners parent rating scale; PA = peer affiliation. ODD and CD diagnoses were based on K-SADS 
structured psychiatric interviews (Kaufman et al., 1997). Estimated IQ was based on two subtests of the WISC/
WAIS-III: Vocabulary and Block Design (Wechsler, 2002, Wechsler, 2000). a10/10 genotype; bn = 18 (5 %) with two 
9-repeats; cn = 34 (5 %) with two 9-repeats; dn = 53 (15 %) with two short alleles; en = 98 (14 %) with two short 
alleles. 
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MEASURES
Parental expressed emotion. EE was assessed during the semi-structured diagnos-
tic interview, using codings derived from the Camberwell Family Interview (Brown, 
1966). Only ratings of mothers were used in our study, as the data of fathers were 
far less complete. Warmth was assessed by the tone of voice, spontaneity, sympa-
thy, and/or empathy toward the child (range 0-3). Criticism was assessed by state-
ments which criticized or found fault with the child based on tone of voice and crit-
ical phrases (range 0-4) (Sonuga-Barke et al., 2009, Richards et al., 2014). Adequate 
inter-rater reliability has been reported for ratings of warmth and criticism using 
the Camberwell Family Interview (range .78-91 and .79-.86, respectively) (Schachar 
et al., 1987) and during the first measurement wave (the IMAGE study) (range .71-
1.00) (Chen and Taylor, 2006).
Peer affiliation. Peer affiliation was measured with the Friends Inventory (Walden 
et al., 2004). Participants assessed their peers’ behaviour on 18 items rated on a 
4-point Likert scale (e.g., ‘My friends get good grades’, ‘My friends break the rules’; 
range 1 = ‘None of my friends are like that’ to 4 = ‘All of my friends are like that’). 
Scores were summed to yield either a positive or deviant peer affiliation score (each 
9 items). Both measures have demonstrated good internal consistency reliability 
(range .78-.92; Burt and Klump, 2014, Burt et al., 2009, Hicks et al., 2009), and a 
mean inter-rater reliability of .71 has been reported between teacher and self-re-
ports (Hicks et al., 2009).
ADHD severity. The Dutch Conners Parent Rating scale (CPRS-R:L) was used to 
assess ADHD severity (i.e., the raw scores of scale N – DSM-IV: total) (Conners et 
al., 1998). We used the CPRS-R:L as it was assessed in all participants (regardless 
of diagnostic status). Moreover, using a continuous measure of ADHD severity al-
lowed us to retain as much information as possible, including the variation of scores 
among unaffected participants.
Image acquisition and segmentation. Imaging was conducted at two locations 
(Amsterdam and Nijmegen) using two similar 1.5 Tesla scanners (Siemens Sonata/ 
Avanto), the same product 8-channel head-coil, and identical scan protocols. The 
protocol included two high resolution T1-weighted MP-RAGE anatomical scans (176 
sagittal slices, TR = 2730 ms, TE = 2.95 ms, TI = 1000 ms, flip angle = 7 deg, GRAPPA 
2, voxel size = 1.0 x 1.0 x 1.0 mm, field of view = 256 mm). MRI scans were manually 
rated for quality, those that revealed poor quality or motion artefacts (n = 37) were 
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excluded together with scans which yielded relevant incidental findings (n = 18) 
(Blumenthal et al., 2002). Volume estimates were averaged when participants had 
two good quality scans (n = 741), thereby improving signal-to-noise ratio. 
Brain volumes. We used volumes that previously have been shown to differ be-
tween ADHD and controls in our group: of total GM, caudate nucleus, and putamen 
(Greven et al., 2015). The unified procedure of the VBM 8.1 toolbox (http://dbm.
neuro.uni-jena.de/vbm/) in SPM (default settings) was used to perform normal-
ization, bias-correction, and segmentation into grey matter, white matter, and ce-
rebrospinal fluid. Total grey and white volumes were calculated by summation of 
their tissue probability maps. Total brain volume was calculated by summing to-
tal grey and white matter volume. For the subcortical volumes, automated FIRST 
subcortical segmentation was applied to estimate left and right volumes of the 
caudate and putamen. FIRST, part of FMRIB’s Software Library (FSL), performs 
registration and shape modeling of the above regions in MNI152 standard space 
(Patenaude et al., 2011). 
Genotyping. For the IMAGE sample (parents and children), DNA was extracted from 
blood samples or immortalized cell lines at Rutgers University Cell and DNA Repos-
itory, New Jersey, USA. Genetic variants in DRD4, DAT1, and 5-HTT were genotyped 
by the IMAGE consortium (Brookes et al., 2006a, Xu et al., 2008). Standard PCR pro-
tocols were used for all VNTR markers and amplified products were visualized on 
2% agarose under UV light. Additional NeuroIMAGE samples were collected in the 
form of a saliva sample using Oragene kits (DNA-Genotek; see www.neuroimage.
nl). For those, VNTRs were genotyped using standard PCR protocols at the Depart-
ment of Human Genetics of the Radboudumc, Nijmegen. After the PCR, fragment 
length analysis was performed on the ABI prism 3730 Genetic Analyser (Applied 
Biosystems, Nieuwekerk a/d IJsel, The Netherlands) and results were analysed with 
GeneMapper® Software, version 4.0 (Applied Biosystems). No deviations from Har-
dy-Weinberg Equilibrium were found (DAT1 p = .78, 5-HTT p = .13, DRD4 p = .15). For 
the different genes, participants were divided into groups based on the presence or 
absence of the 9-repeat of the DAT1 3’UTR VNTR, the short allele of HTTLPR, or the 
7-repeat of the DRD4 exon 3 VNTR, respectively. 
DATA ANALYSES
All analyses were performed on the total sample, that is, participants with and 
without ADHD. Pearson and Spearman correlations tested for gene-environment 
correlations between maternal or adolescent genotype and the environmental pre-
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dictors (Belsky and Pluess, 2009, Knafo and Jaffee, 2013). Linear mixed model anal-
yses investigated the effects of EE, peer affiliation, genotype, and GxE interactions 
on each volumetric measure (total GM volume and total, left, and right caudate 
nucleus and putamen volumes). Models were run with and without the interaction 
term separately.  To correct for familial dependency (as a number of participants 
belonged to the same families), we estimated a random intercept for family in each 
model. Age, sex, and collection site were included as covariates. The analyses of the 
subcortical volumes included total brain volume as an additional covariate. For total 
GM volume, we added total white matter volume as an extra covariate. Separate 
models were run for each environmental predictor: warmth, criticism, and positive 
and deviant peer affiliation, and for each gene (DAT1, 5-HTT, DRD4) as well. We test-
ed 2- and 3-way interactions with age and age2 (i.e., Age/Age2xG, Age/Age2xE, and 
Age/Age2xGxE) which were dropped from the model when not significant or nomi-
nally significant (i.e., did not survive correction for multiple testing). All continuous 
predictors and covariates were centred around the mean. 
A multiple comparisons correction was employed, which adjusted for correlated 
outcomes based on the effective number of independent tests (M
eff
) (Li and Ji, 
2005). The M
eff 
was derived from the Eigenvalues of a correlation matrix between 
the outcome measures adjusted for covariates (age, gender, and collection site): 
M
eff 
= 3, adjusted p-value threshold: 0.05/ 3 = .017. Sensitivity analyses were per-
formed when effects that survived the multiple correction threshold were found. 
First, to investigate the role of ADHD severity, analyses were rerun including main 
and interaction effects of ADHD severity. Furthermore, separate sensitivity analyses 
were performed to check whether significant effects were present in participants 
while sequentially controlling for effects of medication history, estimated IQ, and 
comorbid ODD or CD diagnosis. Regions of significance (RoS), simple slope, and 
slope difference tests were performed with an application designed for probing 
2- and 3-way interactions (http://www.jeremydawson.co.uk/slopes.htm (Dawson, 
2014)). For interactions with age2, slope tests were estimated with non-quadratic 
age. All other analyses were performed with the Statistical Package for the Social 
Sciences, version 20.0. 
RESULTS
Analyses of gene-environment correlations (rGEs) revealed significant correlations 
between maternal warmth and adolescent DAT1 (r = -.11, p = .045), 5-HTT (r =  -.11, 
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p = .040), and DRD4 genotypes (r = -.11, p = .048), and maternal DAT1 genotypes (r 
= -.15, p = .005). We also found a significant correlation between maternal criticism 
and adolescent DAT1 genotypes (r = .12, p = .024) (see Table S1). Considering the 
size of these associations, there was no reason to believe that these rGEs may have 
biased significant GxE interactions. In the next sections on main and GxE effects, 
only results of the mixed model analyses that survived correction for multiple test-
ing are discussed (p < .017). Nominal significant results can be found in the supple-
mentary information (SI) in Tables S2 and S3. 
MAIN EFFECTS OF CANDIDATE GENES AND ENVIRONMENTS AND THE EFFECT OF AGE
No significant main effects of maternal warmth or criticism were found (all p-val-
ues >.166; see Table S2). A small main effect of deviant peer affiliation was found 
on total caudate volume (B = -.02, p = .017), indicating that more deviant peer af-
filiation was related to smaller caudate volumes. This effect was also present in 
the left caudate volume (B = -.01, p = .012), the association with the right caudate 
did not survive correction for multiple testing (B = -.01, p = .031). Likewise, DAT1 
gene polymorphisms were associated with caudate volume; DAT1 9-repeat carriers 
had smaller left caudate volumes compared to participants with two 10-repeats, 
an average difference of about 2 %. Again this was also present in the left caudate 
volume (B = -.07, p = .015), associations with total and right caudate volume were 
nominally significant (Btotal = -.14, p = .021; Bright = -.06, p =.043).   
Investigation of the effects of linear and non-linear age yielded a significant interac-
tion between deviant peer affiliation and the quadratic effects of age (age2) on total 
GM volume (p = .001). As shown in Figure 1, participants with low deviant peer affil-
iations (-2SD) had larger total GM volumes when older (p = .001), while participants 
with high deviant peer affiliations (+2SD) showed no association with age (p = .112). 
GXE INTERACTIONS AND THE ROLE OF AGE
 For total GM volume we found two 3-way interactions between positive peer affili-
ation, DAT1, and age2 (p = .007), as well as between positive peer affiliation, 5-HTT, 
and age2 (p = .012). Simple slope analyses revealed significant slopes (i.e., different 
from slope = 0) for carriers of the DAT1 9-repeat or two 5-HTT long alleles when 
scoring either low or high on positive peer affiliation (-2SD: pDAT1 = .012, p5-HTT = .034; 
+2SD: pDAT1 = .042, p5-HTT = .017). These slopes differed significantly from each other 
as well (pDAT1 = .009, p5-HTT = .014). As shown in Figure 2, carriers of the DAT1 9-re-
peat or two 5-HTT long alleles with low positive peer affiliations had larger GM 
volumes with age, while participants with the same genotype, but high positive 
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peer affiliations had smaller GM volumes with age. Slopes for participants with the 
DAT1 10/10 genotype or 5-HTT short allele were not significant (-2SD: pDAT1 = .368, 
p5-HTT = .153; +2SD: pDAT1 = .272, p5-HTT = .346). Still, slopes of DAT1 9-repeat carriers 
and 10-repeat homozygotes differed significantly when they scored low (-2SD, p 
= .010) or high on positive peer affiliation (+2SD, p = .021). The same was true for 
slopes of 5-HTT short allele carriers and long allele homozygotes (-2SD, p = .012; 
+2SD, p = .014). 
For putamen volume significant 3-way interactions with age were found as well. 
Figures 3A and 3B show the interaction between DRD4, positive peer affiliation, 
and age on the right putamen volume (p = .012). Significant slopes were found for 
DRD4 7-repeat carriers scoring either low or high on positive peer affiliation (-2SD: 
p = .021; +2SD: p = .003), and the difference between the two slopes was significant 
as well (p = .004). Thus, 7-repeat carriers showed differential associations between 
the right putamen volume and age depending on the amount of positive peer affil-
iation, i.e., a negative association when scoring low on positive peer affiliation, but 
positive when scoring high on positive peer affiliation. Although slopes of partici-
pants without the DRD4 7-repeat allele were not significant (-2SD: p = .492; +2SD: 
p = .308), significant slope differences were found between 7-repeat carriers scor-
ing high on positive peer affiliation and participants without the 7-repeat with 
FIGURE 1 Two-way interaction between deviant peer affiliation (low: -2SD; high: +2SD) and 
age2 on total grey matter volume. PA = peer affiliation. Regression lines show the predicted 
values. The shaded areas indicate the regions of significance (RoS), lower threshold: X = 
10.44 years; upper threshold: X = 20.16 years. 
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either low (p = .007) or high positive peer affiliations (p = .003). 
Finally, an interaction was found between DAT1, criticism, and age on total putamen 
volume (p = .005). This effect was present in both left and right putamen volumes 
(left: p = .009; right: p = .006). Here, significant slopes were found for the DAT1 
10/10 genotype with either low or high maternal criticism (-2SD: p = .026; +2SD: p = 
.043), which differed significantly from each other as well (p = .016). As can be seen 
in Figures 3C and 3D, participants with two 10-repeat alleles exposed to high ma-
ternal criticism had smaller putamen volumes with age, but participants exposed 
to low criticism had larger putamen volumes with age. Slopes of DAT1 9-repeat 
carriers were not significant (-2SD years: p = .095; +2SD years: p = .155). Analyses 
of slope differences revealed significant differences between DAT1 9-repeat carriers 
and 10-repeat homozygotes when scoring low (-2SD, p = .023) or high on maternal 
criticism (+2SD, p = .006). Highly similar results were found when investigating left 
FIGURE 2 A & B: Three-way interaction between DAT1, positive peer affiliation, and age2 
on total grey matter volume, shown separately for low (A; -2SD) and high positive peer affil-
iation (B; +2SD).  C & D: Three-way interaction between 5-HTT, positive peer affiliation, and 
age2 on total grey matter volume, shown separately for low (C; -2SD) and high positive peer 
affiliation (D; +2SD). Regression lines show predicted values. P-values indicate significant 
slopes and significant slope differences.
400203-L-bw-Richards
CHAPTER 6
156
and right putamen volumes separately. 
SENSITIVITY ANALYSES
Through sensitivity analyses we investigated the possible role of ADHD on the sig-
nificant main effects and interactions described above. When the analyses were 
rerun including main and interaction effects of ADHD severity, no significant inter-
actions with ADHD severity were found (all p-values > .150). Including a main effect 
of ADHD severity did not change the aforementioned significant main or GxExAge/
Age2 effects either. The p-value of the interaction between DAT1, positive peer affil-
iation, and age2 did drop slightly, thereby becoming nominally significant (p = .018). 
Furthermore, rerunning analyses consecutively including IQ, ODD, CD, or medica-
tion history in the model, yielded highly similar results. Note that for the main ef-
FIGURE 3 A & B: Three-way interaction between DRD4, positive peer affiliation, and age on 
right putamen volume, shown separately for low (A; -2SD) and high positive peer affiliation 
(B; +2SD). C & D: Three-way interaction between DAT1, maternal criticism, and age on total 
putamen volume, shown separately for low (C; - 2SD) and high maternal criticism (D; +2SD). 
Regression lines show predicted values. P-values indicate significant slopes and significant 
slope differences.
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fects of deviant peer affiliation and DAT1 on caudate volumes, p-values dropped to 
nominal significance (all p-values < .045) when including IQ, ODD, or CD. The same 
was true for the effects of DAT1, when we included medication history (p = .025). 
Similarly, p-values dropped slightly when medication history was included for the 
interaction between 5-HTT, positive peer affiliation, and age2 on total GM volume 
and the 3-way interactions on putamen volume (all p-values <. 043). 
DISCUSSION
We investigated the effects of functional variants in the 5-HTT, DAT1, and DRD4 
genes, the social environment, and the interactions between genes and environ-
ment on brain volumes in a large sample of children, adolescents, and young adults 
with and without ADHD. We took a developmental approach, examining the impact 
of age on main and interaction effects of candidate genes and social environments. 
As expected, very few (i.e., two) main effects were observed, namely of deviant 
peer affiliation and DAT1 genotype on caudate volume. Instead, we observed a 
complex pattern of the following two-way and three-way interactions: an interac-
tion between deviant peer affiliation and age2 for total GM volume, and between 
5-HTT, DAT1, or DRD4 variants and positive peer affiliation or maternal criticism on 
total GM and putamen volumes. These findings were independent of ADHD severity. 
We found different age-trajectories for total GM and putamen volumes, depend-
ing on genotype and/or environmental exposure. In agreement with age-relat-
ed reductions of total GM volume found in longitudinal studies (Raznahan et al., 
2014, Brain Development Cooperative, 2012), participants scoring high on positive 
peer affiliation carrying the DAT1 9-repeat or two HTTLPR long alleles had small-
er total GM volumes with age. Moreover, participants with the same genotype, 
but low positive peer affiliation had larger GM volumes with age. These findings 
are in line with a longitudinal study reporting regional GM reductions with age in 
adolescents exposed to high positive maternal behaviour, but increased putamen 
volumes when exposed to maternal aggression (Whittle et al., 2014). However, we 
also found positive associations between total GM and age in participants scor-
ing low on deviant peer affiliation, regardless of genotype, while participants with 
high deviant peer affiliation had no association with age. Similarly, for putamen 
volume, carriers of the DRD4 7-repeat or DAT1 10/10 genotypes had larger volumes 
over age when exposed to high positive peer affiliation or low maternal criticism 
respectively, but opposite patterns, i.e., smaller volumes over age, when exposed 
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to low positive peer affiliation or high criticism. Although, equivalent to total GM, 
reduced putamen volumes over age have been reported (Brain Development Coop-
erative, 2012), different age-trajectories of putamen volume have been found for 
participants with ADHD in comparison to healthy controls by our group (Greven et 
al., 2015). Thus, one might expect these opposing patterns to be related to ADHD. 
However, the current findings were not moderated by ADHD severity, suggesting a 
more general mechanism.
Previous GxE studies on brain volumes have been few and have included (young) 
adults only, leaving GxE effects on child or adolescent brain volumes under-investi-
gated. So far, of the included candidate genes, only the 5-HTT gene has previously 
been reported to interact with stressful life events on adult brain volumes (Ever-
aerd et al., 2012, Canli et al., 2006, Frodl et al., 2010). Although two studies found 
smaller hippocampal volumes for carriers of the HTTLPR short allele when exposed 
to childhood adversity (Everaerd et al., 2012, Frodl et al., 2010), Canli et al. (2006) 
reported that only long allele homozygotes had a positive association between 
stressful life events and hippocampal or amygdala GM volumes. In other regions, 
such as the ACC or caudate, both short and long allele carriers showed opposite 
associations with life stress. These opposite effects are in line with the differential 
effects of DAT1 variants we found on total GM versus putamen volumes. That is, 
DAT1 9-repeat carriers showed age-dependent associations between positive peer 
affiliation and GM volumes, while DAT1 10-repeat homozygotes showed differential 
associations between maternal criticism and putamen volumes. This could suggest 
that different variants of the same gene are susceptible to different environments, 
which could further depend on which brain region is focused on. In contrast to what 
we expected, both genotypes showed the same direction of association with two 
opposing environments; participants with high positive peer affiliations or high ma-
ternal criticism both had smaller GM volumes with age, while participants with low 
positive peer affiliations or low criticism showed the opposite pattern. 
Besides different effects of the same gene, differential effects of positive peer affili-
ation were found for carriers of specific gene variants as well, i.e., participants scor-
ing low on positive peer affiliation with the DAT1 9-repeat or two HTTLPR long al-
leles had larger total GM volume, while those with low positive peer affiliation and 
the DRD4 7-repeat allele had smaller putamen volumes with age, with the opposite 
pattern found in participants scoring high on positive peer affiliation. This suggests 
positive peer affiliation can have different effects depending on which brain volume 
or genotype is focused on. What our findings most consistently show is that (for 
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carriers of specific gene variants) the direction of associations between certain so-
cial environments and brain volumes depends on developmental stage. This is illus-
trated by our finding that, for carriers of the same gene variants, low positive peer 
affiliation or high maternal criticism was related to smaller total GM or putamen 
volumes in preadolescents, but to larger volumes in young adults. Such differen-
tial effects were found in each of the reported two- and three-way interactions. In 
agreement, our group has shown that associations between the 5-HTT, DAT1, DRD4 
and neurocognitive functioning, such as inhibition and working memory, depended 
on age as well (Thissen et al., 2015). These findings highlight the importance of 
including age when studying genetic and environmental effects on the neural archi-
tecture of children, adolescents and young adults, as the direction of associations 
likely depend on developmental stage. 
There are several possible explanations for the finding of developmentally sensitive 
GxE effects on total GM and putamen volumes. Neurotransmitters have an import-
ant role in synaptic and neural plasticity (Thompson and Stanwood, 2009), and the 
age-dependent GxE effects may thus be related to differences in dopamine and 
serotonin availability associated with DRD4, DAT1, and 5-HTT variants. Specifically, 
the DRD4 7-repeat and HTTLPR short alleles are associated with decreased tran-
scriptional activity, leading to increased levels of dopamine and serotonin (Lesch et 
al., 1996, Congdon and Canli, 2008). For DAT1 there are mixed results about wheth-
er the 9- or 10-repeat shows increased or decreased expression. However, a recent 
meta-analysis showed that the 9-repeat allele was associated with increased in vivo 
striatal dopamine transporter activity in adults independent of the presence of neu-
ropsychiatric disorders (Faraone et al., 2014). Expression levels of genes can differ 
across developmental stages (Elia and Devoto, 2007) and dopamine and serotonin 
levels in the brain have been shown to differ over age as well (Li, 2013). Besides 
genetic and developmental influences, environmental factors, such as maternal 
deprivation or environmental enrichment, have also been associated with differen-
tial neurotransmitter levels (Hall and Perona, 2012). Furthermore, other processes 
during brain development, including neuronal pruning, myelination and hormonal 
influences are believed to be influenced by genetic and environmental factors as 
well (Miguel-Hidalgo, 2013, Sale et al., 2014). Together, these findings reveal many 
important developmental processes, steered by environmental and genetic factors, 
which together determine one’s neural architecture. 
For caudate volume, two developmentally stable main effects were found. First, 
DAT1 9-repeat carriers had (about 2 %) smaller left caudate volumes compared to 
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participants with two 10-repeats. This contrasts with two previous studies focusing 
on children with and without ADHD. In these studies, carriers of the DAT110/10 
genotype, regardless of diagnostic status, had smaller caudate volumes than 9-re-
peat carriers (Durston et al., 2005, Shook et al., 2011). A study of healthy young 
adults found no main effect of DAT1 genotype, but an interaction of DAT1 with 
DRD2 genotype on the left and right caudate: carriers of the DAT1 10/10 genotype 
and the DRD2 G/T genotype had the smallest gray matter content, while carriers of 
the DAT1 9-repeat and DRD2 G/T genotype had the largest GM content (Bertolino 
et al., 2009). These studies, however, included younger children and had substan-
tially smaller sample sizes compared with our study sample (n ≤ 142 versus n = 
687). We emphasize, nonetheless, that replication of our findings is needed. Sec-
ond, increased deviant peer affiliation was associated with slightly smaller caudate 
volumes. This agrees with a previous study that found early life stress was related 
to smaller caudate volumes in adults (Cohen et al., 2006). Similarly, reductions in 
other brain regions, such as the hippocampus, have been associated with adverse 
psychosocial experiences (Teicher and Samson, 2013, Belsky and de Haan, 2011, 
Tottenham and Sheridan, 2009), but findings are not consistent since null-findings, 
and even increased volumes in relation to adverse environments have been report-
ed (Tottenham and Sheridan, 2009, Teicher and Samson, 2013, Belsky and de Haan, 
2011). 
All but one of the reported effects in the current study were found in relation to peer 
affiliation. While peer influences have been linked to functional brain differences 
(Weigard et al., 2014, Chein et al., 2011) and white matter structure (Teicher et 
al., 2010), no prior studies have addressed associations with volumetric alterations. 
Besides peer presence and peer verbal abuse investigated in the aforementioned 
studies (Weigard et al., 2014, Chein et al., 2011, Teicher et al., 2010), our results 
indicate that the type of peers seems to be relevant for structural brain differences. 
The associations between deviant or positive peer affiliation and brain volume al-
terations could be the result of intrinsic or extrinsic factors not investigated in this 
study. An example would be that structural brain alterations are first and foremost 
associated with intrinsic personality traits (such as high sensation seeking or low 
conscientiousness) that fit well with deviant peer affiliation. Indeed, studies have 
revealed both positive and negative associations of traits such as extraversion and 
conscientiousness with (regional) grey and white matter volumes (Cremers et al., 
2011, DeYoung et al., 2010, Taki et al., 2013, Bjornebekk et al., 2013). Likewise, cir-
cumstances such as neighbourhood quality could be an example of extrinsic factors 
underlying peer affiliation. Future studies are needed to investigate whether the 
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association between peer affiliation and brain volumes reflects an effect of other 
factors such as personality traits or environmental conditions.  
Our findings should be viewed in the light of certain strengths and limitations. 
Strengths were the use of a large well-characterized sample, inclusion of both posi-
tive and negative environments, assessment of both parental- and peer influences, 
and a developmentally sensitive approach. A limitation has been the cross-sectional 
MRI study design, only longitudinal MRI studies can clarify the direction of cau-
sality. Furthermore, not all participants included had an expressed emotion (EE) 
measurement, as the design of our study was such that EE was only assessed when 
a full diagnostic interview was administered. This led to loss of power, and unequal 
numbers and an unequal distribution of ADHD and controls in the EE versus peer 
affiliation analyses. Nevertheless, sensitivity analyses revealed no significant effects 
of ADHD severity on the reported findings. In addition, although included measures 
were chosen a-priori based on previous literature, our findings only shed light on a 
small part of brain variability based on only a few gene variants. Finally, considering 
the novel and explorative nature of our study, we did not employ a very stringent 
correction for multiple testing. If we would have applied the most stringent cor-
rection - correcting for the total number of environmental measures (n = 4), genes 
(n = 3), and outcome measures - the corrected p-threshold would have been p = 
0.05/ (4*3*3) = .0014 instead of p = .017. In this case, all but the interaction be-
tween deviant peer affiliation and age would not have survived the correction for 
multiple testing. Therefore, we emphasize the necessity of independent replication 
studies. 
In conclusion, besides main effects of deviant peer affiliation and DAT1 on caudate 
volume, we found multiple developmentally sensitive GxE effects on total GM and 
putamen volume. Despite previously reported differences in total GM, caudate, and 
putamen volumes between children with ADHD and healthy controls, our results 
were independent of ADHD severity. Both children, adolescents, and young adults 
with and without ADHD showed differential sensitivity to environmental influences, 
depending on genotype and age. While it is clear that our complex findings are in 
need of replication, our results stress the importance of a developmentally sensitive 
approach, when investigating genetic and social environmental influences on inter-
individual brain volume variability. The failure to do so could potentially explain the 
diverse and sometimes opposing results of main environmental and genetic effects 
on brain volumes reported so far. 
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SUPPLEMENTARY INFORMATION CHAPTER 6
TABLE S1 - Correlation analyses between maternal or adolescent’s genotype and 
maternal expressed emotions and peer affiliation
Positive peer 
affiliation
Deviant peer 
affiliation
Maternal 
warmth
Maternal 
criticism
Adolescent’s genotype
DAT1a -.04 .05 -.11*   .12*
5-HTT b -.01 .01 -.11* .07
DRD4c  .01 .07 -.11* .06
Maternal genotype -.02 .05     -.15**  .08
DAT1a  .04 .04 -.04 -.01
5-HTT b  .05 .01 -.10  .01
DRD4c  .07 -.05 -.03 -.03
Note: Pearson correlation analyses were performed for EE and Spearman correlations analyses for peer affiliation. 
a9-repeat allele present or absent; bshort allele present or absent; c7-repeat allele present or absent short allele 
present or absent. * Significant at p ≤ .05 ** Significant at p ≤ .01
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SUMMARY OF EMPIRICAL CHAPTERS
The aim of this thesis was to gain insight into the underlying mechanisms involved in 
phenotypic, cognitive, and neural correlates of ADHD by studying the effects of the 
social environment, candidate plasticity genes, and their interaction. Participants 
with and without ADHD were included from the IMAGE project and its Dutch 
follow-up study, the NeuroIMAGE project, as described in the general introduction 
(Box 2, page 21). In this chapter the main findings from each empirical chapter are 
summarized. An overview of results that survived correction for multiple testing is 
presented in Table 1. 
In chapter 2 we examined whether maternal expressed emotion (EE) contributes to 
severity of ADHD and comorbid oppositional and conduct problems or vice versa, 
whether child externalizing behaviour is a determinant of maternal EE, above and 
beyond maternal psychopathology using the IMAGE and NeuroIMAGE samples. 
Maternal EE was not stable over a period of six years. At baseline, higher maternal 
warmth was linked with less severe ADHD of the child, whereas at follow-up, more 
maternal criticism was associated with more child oppositional and conduct problems, 
and more maternal warmth with less child oppositional and conduct problems. Only 
the association between maternal criticism and child oppositional problems survived 
correction for multiple testing. No longitudinal predictions were found between EE at 
baseline and child psychopathology at follow-up, or child psychopathology at baseline 
and EE at follow-up. However, the results support previous findings of cross-sectional 
associations between parental EE and child psychopathology. 
In the following chapters (3-6) we investigated the interaction between the DAT1, 
DRD4, and 5-HTT genes and the social environment in children, adolescents, and 
young adults using the NeuroIMAGE sample. In chapters 3-5 the applicability of the 
differential susceptibility theory was investigated. That is, we examined whether 
individuals carrying specific variants in the included candidate plasticity genes 
were more disadvantaged in negative but, conversely, more advantaged in positive 
environments - in a for better and for worse fashion. 
In chapter 3 we explored GxE with maternal EE in prosocial and antisocial behaviour. 
Maternal warmth was positively associated with prosocial behaviour and negatively 
with antisocial behaviour, while maternal criticism was positively associated with 
antisocial behaviour and negatively with prosocial behaviour. However, no evidence 
of differential susceptibility was found. 
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Hereafter, in chapters 4-6, positive and deviant peer affiliation were included next 
to maternal EE as a proxy of the social environment. GxE effects on behavioural and 
neural indices of reward sensitivity and response inhibition were studied in chapters 
4 and 5. In chapter 4, at the behavioural level, HTTLPR short allele carriers showed 
the least reward sensitivity when exposed to high positive peer affiliation, but the 
most when faced with low positive peer affiliation or low maternal warmth. DAT1 
10-repeat homozygotes displayed similar GxE patterns toward maternal warmth on 
general task performance. At the neural level, DRD4 7-repeat carriers showed the 
least striatal activation during reward anticipation when exposed to high maternal 
warmth, but the most when exposed to low warmth. The findings were independent 
of ADHD severity and partially confirm the differential susceptibility theory. 
Similarly, in chapter 5 an interaction was found between DRD4 and positive peer 
affiliation. Here, 7-repeat carriers displayed the least neural activation in the right 
fusiform gyrus during successful inhibition when exposed to high positive peer 
affiliation, but the most when exposed to low positive peer affiliation. In addition, 
we found that HTTLPR short allele carriers showed increased activation in the 
right fusiform gyrus during failed inhibitions. Furthermore, maternal warmth and 
positive peer affiliation were positively associated with the BOLD response in the 
right inferior frontal cortex during successful inhibition. The association with peer 
affiliation was driven by participants with low ADHD severity. Deviant peer affiliation 
was positively related to the error rate during task performance.
Finally, in chapter 6 we focused on GxE interplay with a developmental perspective 
in interindividual variability of caudate, putamen, and total grey matter (GM) 
volumes. We found that the DAT1 9-repeat allele and deviant peer affiliation 
were associated with lower caudate volume. In addition, participants with low 
deviant peer affiliations had larger total GM volumes with increasing age. Likewise, 
developmentally sensitive GxE effects were found on total GM and putamen 
volume. For total GM, differential age trajectories were found for the DAT1 9-repeat 
and HTTLPR L/L genotype depending on the amount of positive peer affiliation. For 
putamen volume, DRD4 7-repeat carriers and DAT1 10/10 homozygotes showed 
opposite age relations depending on positive peer affiliation or maternal criticism 
respectively. All results were independent of ADHD severity. Importantly, these 
results illustrate the need for studying developmentally sensitive GxE effects for 
specific brain volumes, as the direction of associations between social environments 
and total GM or putamen volume were dependent on both genotype and age.
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Together, our findings revealed several cross-sectional associations between the 
social environment and behavioural, cognitive, and neural measures related to ADHD 
that were not moderated by the included candidate genes. In addition, a number 
of associations between the positive social environment (maternal warmth and 
positive peer affiliation) and behavioural or neural correlates of reward sensitivity 
and response inhibition were found that depended on the genotype of participants. 
Finally, for total brain and putamen volumes, associations were found with positive 
peer affiliation or maternal criticism that were moderated by genotype and varied 
with age. Although in need of replication, these findings specifically highlight an 
important role of positive and not only negative social environments. 
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TABLE 1 - Overview of main environmental and GxE effects in this thesis surviving 
multiple testing correction 
SOCIAL 
ENVIRONMENT MODERATORS OUTCOME CHAPTER
Maternal 
warmth
 Antisocial behaviour
2
 Prosocial behaviour
 BOLD response successful 
inhibition rIFC
4
HTTLPR (S allele) Reward speeding
3
DAT1 (10/10) MRT rewards and non-rewards
DRD4 (7-repeat)
BOLD response reward 
anticipation VS
Maternal 
criticism
 Oppositional problems 1
 Antisocial behaviour
2
 Prosocial behaviour
 Reward speeding
3
 BOLD response reward 
receipt VS
DAT1 (10/10)  x Age Putamen volume 5
Positive peer 
affiliation
 
Errors during Stop-Signal 
task
4
ADHD Severity (low) BOLD response successful 
inhibition rIFC
DRD4 (7-repeat)
BOLD response successful 
inhibition rFG
4
HTTLPR (S allele) Reward speeding 3
HTTLPR (L/L) x Age
Total grey matter volume
5DAT1 (9-repeat) x Age
DRD4 (7-repeat) x Age Putamen volume
Deviant peer 
affiliation
 Errors during Stop-Signal 
task
4
 Caudate volume
5
 Age Total grey matter volume
Note: S = short; L = long; MRT= mean reaction time; rIFC = right inferior frontal cortex; VS = ventral striatum; rFG 
= right fusiform gyrus.
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In this thesis we studied main and interaction effects of candidate plasticity genes 
and the social environment - with a focus not only on the negative side but on 
the positive side of social environments as well - in a broad range of behavioural, 
cognitive, and neural measures related to ADHD. In addition, we investigated the 
applicability of a conceptual framework on GxE: the differential susceptibility 
theory. Through this, we aimed to gain new insight into the underlying mechanisms 
involved in ADHD. In this final chapter, I will discuss the importance and implications 
of the results beginning with the role of the social environment, main genetic and 
GxE findings, followed by whether we found evidence in favour of differential 
genetic susceptibility or vulnerability models. The chapter ends with a discussion 
of the strengths and limitations, clinical implications, and suggestions for 
future research.
THE ROLE OF THE SOCIAL ENVIRONMENT
The importance of the social environment during child development has been shown 
by many studies (Hertzman and Boyce, 2010, Plomin and Daniels, 2011, Maggi et al., 
2010), although mainly for behavioural outcome measures. Our results contribute 
to this literature by showing both maternal EE and peer affiliations were directly 
associated with a broad range of measures, including social behaviour, cognitive 
task performance, and functional and structural brain differences (see Table 1, page 
177 for an overview). In addition, most studies investigating the social environment 
have limited their focus to adverse effects of negative environments only, especially 
in individuals with ADHD (Thapar et al., 2013). Our findings highlight the role of 
positive social environments in addition to that of negative environments. We 
found that both positive and negative sides of maternal EE and peer affiliation were 
relevant for different outcome measures, which suggests these can have differential 
effects. For example, only maternal warmth and not criticism was relevant in the 
GxE effects on reward sensitivity. There were only two exceptions to the differential 
environmental associations identified in this thesis: both maternal warmth and 
criticism were associated with social behaviour in chapter 2, and both positive and 
deviant peer affiliation were related to the number of errors during the Stop-Signal 
task in chapter 5.
It is important to note that we cannot infer causality as all reported associations 
with the social environment were cross-sectional. Indeed, both maternal EE and 
peer affiliations have not only been suggested to influence child behaviour, but in 
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turn be influenced by child behaviour as well (e.g., Hirshfeld et al., 1997, Asarnow 
et al., 1994, Hou et al., 2013, Hale et al., 2011, Cartwright et al., 2011, Burt and 
Klump, 2014, Hoza, 2007). In chapter 2 we had the opportunity to investigate the 
direction of effects between maternal EE and child externalizing problems in (pre)
adolescents with ADHD in a six year follow-up study. However, EE did not appear to 
be risk factor for later externalizing behaviour in children with ADHD, or vice versa, 
externalizing behaviour a risk factor for later EE. This, together with the finding that 
EE was not stable over a period of six years, led us to suggest that EE is a momentary 
state measure varying with contextual factors including the child’s psychiatric 
problems and developmental phase, rather than a stable trait or attitude. This does 
not downplay the importance of EE for the psychological well-being of the family 
as a whole, as it reflects the emotional quality of family interactions (Daley et al., 
2003). Additionally, it should be mentioned that six years is quite a long period of 
time in child development and during adolescence the influence of parents changes 
over time. It could be that EE plays a more prominent role at younger ages, before 
adolescence sets in. Furthermore, longitudinal effects might be present in other 
types of outcome measures, such as (neuro)cognition, or depend on genetic or 
other environmental factors. Since current evidence in behavioural studies has 
been found for both parent or peer effect (Hirshfeld et al., 1997, Asarnow et al., 
1994, Burt and Klump, 2014) and child effect models (Hale et al., 2011, Cartwright 
et al., 2011, Hou et al., 2013), it is most likely that both causation models are valid 
and complementary in capturing the underlying mechanisms. 
CANDIDATE GENES AND THEIR INTERACTION WITH THE SOCIAL ENVIRONMENT
Besides direct associations with the social environment, we investigated the 
effects of candidate dopaminergic and serotonergic genes and their interplay with 
the social environment. As for main gene effects, our results revealed only two 
significant effects. That is, HTTLPR short allele carriers showed increased activation 
in the right fusiform gyrus during failed inhibitions compared to individuals with 
the HTTLPR L/L genotype (chapter 5) and DAT1 9-repeat carriers had smaller total 
caudate volumes than DAT1 10-repeat homozygotes (chapter 6). The absence of 
further main gene effects is in agreement with the notion that most genes have only 
very small effects at a group level. However, some gene effects may be amplified 
in certain environments, i.e. through gene-environment interaction (e.g., Gizer et 
al., 2009). Indeed, the main focus of this thesis was on the interaction between 
candidate plasticity genes and the social environment. Interactions between genes 
400203-L-bw-Richards
GENERAL DISCUSSION
183
and environments have been put forward as a possible explanation for inconsistent 
and heterogeneous findings when focusing on genetic and environmental 
influences separately. While we found no GxE effects for social behaviour (chapter 
3), our results revealed a number of interactions involving all three candidate genes 
on behavioural and neural reward sensitivity (chapter 4), an interaction with the 
5-HTT gene on a neural correlate of response inhibition, and complex three-way 
interactions with age for total brain and putamen volumes (chapter 6). An overview 
of results that survived multiple testing is shown in Table 1 (page 177).
Thus far, studies investigating the interaction between the selected candidate 
genes and parenting on prosocial and antisocial behaviour have reported mixed 
results (Bakermans-Kranenburg and van Ijzendoorn, 2006, Bakermans-Kranenburg 
et al., 2008, Sonuga-Barke et al., 2009, Propper et al., 2007, Knafo et al., 2011, Drury 
et al., 2012). We postulated that these heterogeneous findings could be due to the 
relatively small sample sizes (n < 169; except for (Sonuga-Barke et al., 2009)), diverse 
measures of parenting, or differences in age of included participants (most previous 
studies focused on young children, with only one study including children above 
8 years (Sonuga-Barke et al., 2009), while our mean age was 17 years). Moreover, 
previous studies have employed different kinds of samples, such as clinical versus 
community studies, or including only boys. Adjusting our selection criteria to this 
- i.e., through the selection of only children with an ADHD diagnosis, only boys, or 
only boys with an ADHD diagnosis - did not make any differences in the results, 
though we might have been limited by our sample size.
Our findings of GxE in reward sensitivity are in agreement with a study that showed 
carriers of the DRD4 7-repeat preferred immediate smaller over delayed larger 
rewards when raised in low socioeconomic status (SES) families, but far less when not 
exposed to low SES (Sweitzer et al., 2013). Up to now, authors have only speculated 
about the role of the brain when investigating GxE effects on reward sensitivity. 
We revealed GxE effects not only on behavioural, but on ventral striatal activation 
during reward anticipation as well. Several explanations have been outlined to 
understand the relationship between reward-seeking behaviour in daily life, as 
observed in adolescence, and neural activation to reward anticipation in imaging 
paradigms (Galvan, 2010). Current evidence suggests that a hyper-responsive 
neural reward system predisposes to greater reward-seeking, whereby increased 
dopaminergic release in response to rewarding events strengthens reward-related 
behaviour through dopamine-based learning processes (Galvan, 2010, Schultz et 
al., 2003, Chambers et al., 2003). In agreement with this perspective, and given that 
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the DRD4 7-repeat, HTTLPR short allele and both DAT1 9- and 10-repeat have been 
associated with altered transcriptional activity, the genetic moderation of both 
behavioural and neural responsiveness found in this paper could be explained by 
altered transcriptional activity which affects the amount of dopamine released, as 
described in chapter 4. 
Dopamine transmission has also been linked to behavioural and neural correlates 
of response inhibition (Albrecht et al, 2014). Indeed, here too we found a GxE 
effect with DRD4 for neural activation, this time in the right fusiform gyrus during 
successful inhibition. To the authors’ knowledge, no previous GxE studies on 
response inhibition have been reported with the selected candidate genes. The 
negative association between positive peer affiliation and neural activation for 
DRD4 7-repeat carriers, however, was opposite to what we had expected. Based 
on previous associations of reduced neural activation during successful inhibition 
in individuals with ADHD - including the right fusiform gyrus (Hart et al., 2013) - 
we had hypothesized that reduced activation would be related to worse outcome. 
Which is consistent with the positive association we found for right inferior 
frontal cortex (IFC) activation with maternal warmth and positive peer affiliation 
and a previous study demonstrating that decreased IFC activation was associated 
with negative environmental influences (Holz et al., 2014). We postulated 
that this difference in direction of activation might be related to functional 
differences of the fusiform gyrus and IFC, although the lack of associations with 
behavioural inhibition measures makes it difficult to differentiate between higher 
activation as reflecting more attention to the inhibition cue, a stronger reaction 
to the inhibition cue, or increased effort to inhibit (Hampshire et al., 2010, 
Hampshire, 2015). 
In chapter 6, we found that interactions between genes and environment can vary 
with age. Differential age- associations were found depending on both genotype 
and the amount of positive peer affiliation or maternal criticism for total grey 
matter and putamen volumes. Again interactions were found with DAT1, DRD4, 
and 5-HTT, although here HTTLPR long allele homozygotes showed differential 
effects, while short allele carriers were involved in GxE of reward sensitivity. 
These findings are in agreement with recent twin studies showing genetic effects 
strongly depend on age (Rommel et al., 2015, Pingault et al., 2015) and advance 
previous literature that has not yet taken a developmental perspective toward 
reported GxE on brain volumes (Hernaus et al., 2014, Gatt et al., 2009, Rabl et al., 
2014, Everaerd et al., 2012, Frodl et al., 2010, Gerritsen et al., 2012). While it is 
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clear that our complex findings are in need of replication, they strongly indicate the 
importance of a developmentally sensitive approach when investigating genetic 
and social environmental influences on interindividual brain volume variability. 
EVIDENCE IN FAVOUR OF DIFFERENTIAL SUSCEPTIBILITY?
While examining GxE, we were particularly interested in investigating the 
applicability of the differential susceptibility theory. For social behaviour we 
found no GxE effects, and therefore no evidence for differential susceptibility. 
However, for reward sensitivity and response inhibition we did find a number of 
GxE interactions, which partially supported the differential susceptibility theory. 
For reward sensitivity, carriers of specific gene variants (i.e., DAT1 10/10 genotype, 
DRD4 7-repeat, or HTTLPR short allele) not only displayed the worst performance 
or most reward sensitivity when faced with low positive environments, but (the 
most) beneficial responses when exposed to high positive environments as well. 
For response inhibition, a similar pattern was found for neural activation during 
successful inhibition in DRD4 7-repeat carriers (although our initial hypothesis has 
been in the opposite direction). Yet, the differential susceptibility theory states 
individuals carrying plasticity alleles are sensitive to both positive and negative 
environments (Belsky and Pluess, 2009), while our results exclusively involved 
positive environments. Although seemingly not the best way to operationalize an 
adverse environment, the absence of a positive environment is often associated 
with negative effects in child development (e.g., Newman et al., 2008, Yap et al., 
2014). Therefore, viewing low warmth or low positive peer affiliation as adverse 
experiences seems valid, thereby placing the results in line with the differential 
susceptibility theory. That said, we also found two GxE effects that do not fit the 
criteria of differential susceptibility. Here, carriers of the HTTLPR short allele or 
DAT1 10/10 genotype only differed from non-carriers on reward speeding and 
non-rewarded reactions times when exposed to low maternal warmth. When 
viewing low warmth as a form of adversity (as argued above), these findings are 
more in line with vulnerability or diathesis-stress models (Zubin and Spring, 1977, 
Monroe and Simons, 1991). Notably, focusing on the same candidate plasticity 
gene and reward outcome measure (5-HTT and reward speeding), but different 
environmental measures (warmth versus positive peer affiliation), or focusing on 
the same gene and environmental predictor (DAT1 and warmth), but different 
outcome measures (rewarded versus non-rewarded mean reaction time [MRT]) 
led to the support for either differential susceptibility or diathesis-stress. These 
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results demonstrate the complexity of how and in which situations individuals 
differ in their susceptibility toward environmental experiences. 
Although our sample size did not permit including developmental effects in 
previous chapters, these could also play a role. Indeed, that it can become even 
more complex is demonstrated by the three-way interactions we found in chapter 
6 between candidate genes, the social environment and age. Although we did not 
investigate differential susceptibility here because age trajectories of brain volumes 
make it difficult to determine what outcome is ‘better’ or ‘worse’, the results do 
support the idea that certain genes should not only be viewed as risk factors, but 
rather as plasticity genes. However, for both 5-HTT and DAT1 different variants 
(short allele versus two long alleles; 9-repeat versus two 10-repeats) ‘acted’ 
as plasticity genotypes, which suggests both variants could serve as plasticity 
variant or moderate associations with the social environment depending on the 
type of outcome measure studied. Alternatively, this difference could reflect the 
role of age in differential susceptibility as HTTLPR L/L and DAT1 9-repeat carriers 
showed differential age-trajectories of brain volumes (GM/putamen) depending 
on environmental exposure. Indeed, expression levels of genes can differ across 
developmental stages (Elia and Devoto, 2007) and dopamine and serotonin levels 
in the brain have been shown to differ over age as well (Li, 2013).  
In sum, we found some support for differential genetic susceptibility, though only 
when investigating GxE in relation to reward sensitivity and for neural activation 
during successful inhibition. Our diverse findings point to the direction of a domain 
specific and not a domain general model of plasticity, i.e., instead of some individuals 
being more sensitive to environmental experiences in general, individuals are more 
likely to vary in their susceptibility to environments (Belsky and Pluess, 2013). 
Importantly, the results do not mean differential susceptibility does not occur in 
social behaviour or response inhibition. As clearly pointed out by the proponents of 
the differential susceptibility theory themselves, there are several factors - besides 
the possibility of other gene variants - that potentially play a role in the contribution 
to environmental susceptibility (e.g., age, prenatal environment, temperament, 
physiological stress reaction; Pluess and Belsky, 2011, Belsky and Pluess, 2013). 
This, together with the heterogeneous findings in the literature, indicates more 
research is needed before firm conclusions can be drawn. 
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STRENGTHS & LIMITATIONS
As with every research study, the work presented in this thesis should be viewed 
in the context of certain strengths and limitations. Major strengths are the use of 
a well-characterized sample, theory driven approach, inclusion of positive as well 
as negative measurements of environment and behaviour, and the assessment 
of both parental and peer influences. Though it would have been even better 
to obtain positive and negative measures on one continuous scale (for studying 
differential susceptibility, see (Belsky and Pluess, 2009), or reducing the number of 
tests), many GxE studies so far have failed to include the positive side of behaviour 
and environments at all (Belsky and Pluess, 2009). Moreover, in chapters 4 and 5 
we used neurocognitive measures that are not limited to one side of a scale. In all, 
we were able to combine different lines of research by investigating a broad variety 
of measures including data from questionnaires, interviews, cognitive tasks, MRI 
scans, and molecular genetics. 
The use of longitudinal follow-up measurements in chapter 2 is an important strength 
as well, but in turn the cross-sectional design in the remaining empirical chapters is 
a limitation. Indeed, no causal conclusions can be made concerning the direction of 
effects in (non-experimental) cross-sectional studies. Therefore, further longitudinal 
studies are needed to shed more light on the direction of associations between the 
social environment and behavioural, cognitive and neural measures. In addition, 
studying possible developmental effects (chapter 6) in a cross-sectional design is a 
limited approach. However, we had a sample with a broad age-range which allowed 
us to explore the role of age in GxE effects on brain volumes. Meanwhile, a follow-up 
study on the NeuroIMAGE project is ongoing, which will provide longitudinal MRI 
data, and thus a chance to further inspect developmentally sensitive GxE effects.
Another limitation of our work is that we focused on maternal EE and did not 
investigate effects of paternal EE, or the separate and combined effects of both 
maternal and paternal EE, due to the limited availability of the paternal data. It would 
be interesting to see whether similar patterns emerge when investigating paternal 
EE. Still, EE is thought to reflect the entire family system even when assessed in 
one caregiver (Miklowitz, 2004). Consistent with this, paternal and maternal EE were 
moderately correlated in our sample (r = .62-.64). Nevertheless, the role of fathers 
in studies of child development is often neglected, despite its significance (Lamb, 
2010). Future studies should therefore focus on both maternal and paternal EE, and 
their combined influences. 
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Furthermore, because the studies included here were part of large project with 
an extensive assessment protocol in which not all measures were assessed in all 
participants, we were unavoidably limited to the data available. In chapter 2 and 
3 we dealt with missing data by using multiple imputations, which is arguable the 
best approach (Donders et al., 2006). In addition, not all participants included had 
an EE measurement, as it was (only) assessed when a full diagnostic interview was 
administered (to ensure there was enough information from parents to assess 
EE). This led to loss of power, unequal numbers and an unequal distribution of 
ADHD and controls in the EE versus peer affiliation analyses. Therefore, sensitivity 
analyses were performed with a continuous measure of ADHD severity available 
in all participants, regardless of ADHD diagnosis. Moreover, using a continuous 
measure of ADHD severity allowed us to retain as much information as possible, 
including the variation of scores among unaffected participants.
Especially for the analyses with EE in chapters 3-6 our sample size can be considered 
a limitation. Power calculations were performed in chapter 3, which revealed that 
with a sample size of ~330-360 we had adequate power to detect an explained 
variance of 3-5 % or higher. Previous literature has suggested effect sizes of GxE 
interactions are substantially smaller than initially thought, with an explained 
variance of 10 % considered very large, 1 % large and even .01 % moderate (Duncan 
and Keller, 2011). Nonetheless, up till now many GxE studies have used similar 
or even considerably smaller sample sizes, which also raises questions about the 
validity of these findings. Luckily, larger datasets are being created by combining 
samples from different studies, which provide more power to detect smaller effects. 
Although considered small or modest for GxE, with regards to the included MRI 
data our sample sizes can be regarded as quite large. Even more so for our study 
on structural brain differences in chapter 6, though there we included the role of 
development in our main research question, resulting in 3-way interactions that 
demand again greater statistical power. Indeed, given the strong effects of age on 
brain development, we prioritized the modelling of developmentally sensitive GxE 
at the expense of power. Therefore, we emphasize the importance of replication 
studies with sufficient power to detect even the smallest of effects as well as the 
more complex, developmental interaction effects. 
While we consider a theory driven approach one of our strengths, including a priori 
defined ROIs can also be viewed as limiting, because only few of many possible 
interesting and relevant brain regions are selected. The same is true for our 
selection of three candidate genes; although this approach limits the number of 
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tests performed, it also strengthens the focus on specific key genes. Certainly, in 
a complex disorder such as ADHD numerous factors are thought to play a role in 
the underlying mechanisms of which most are probably still unknown. Therefore, 
besides a priori defined ROIs and candidate genes, other complementary methods 
such as whole brain or genome-wide studies could be useful, although these also 
come with limitations, in particular stringent multiple testing corrections with the 
implication that effects can only be detected in much larger sample sizes than 
used here. 
Further possible limitations are inherent to a large project in which data are 
collected from different sites. Despite considerable efforts to match as much as 
possible between the two sites, there were differences in the number of participants 
with ADHD versus controls. Additionally, there were more males than females with 
ADHD, which is representative of the sex distribution in childhood ADHD (Polanczyk 
et al., 2007), but limited the possibilities to examine if findings held for both sexes. 
Note that we corrected for both sex and collection site to make sure that reported 
findings were not confounded by unequal distributions. 
CLINICAL IMPLICATIONS 
Despite a main theoretical focus, the results in this thesis have a number of 
clinical implications. Importantly, the findings provide us with useful clues on the 
mechanisms underlying differences in behaviour, cognitive, and neural measures 
related to ADHD. 
When looking at externalizing behaviour problems in (pre)adolescents with 
an ADHD combined diagnosis, our results do not specifically support targeting 
maternal EE to reduce later externalizing problems. However, parenting 
interventions targeting EE could still be effective as these focus on a range of 
factors, including rule-setting and structure (which were not measured in this 
study) rather than EE alone. Moreover, several cross-sectional associations were 
found of maternal EE with social behaviour, cognitive task performance, and 
functional and structural brain differences, which suggests maternal EE plays 
an important role in these relevant developmental measures, even though we 
do not know the direction of effects here. The associations found with maternal 
warmth and positive peer affiliation further suggest the significance of positive 
social environments in adolescents with and without ADHD, and extend previous 
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research that has emphasized the role of adverse environments. 
For behavioural and neural correlates of reward sensitivity and successful inhibition, 
the associations with the positive social environment were moderated by candidate 
plasticity genes. Although still quite far away, this may ultimately have implications 
for clinical settings, as targeting parents or peers of at risk adolescents could be 
particularly helpful for carriers of the HTTLPR short allele and the DRD4 7-repeat. 
In addition, when looking at brain volume differences, our results also suggest 
the importance of a developmentally sensitive approach when focusing on social 
environmental influences, as these appeared to have opposite associations for 
carriers of specific gene variants. 
Finally, nearly all reported findings of chapters 3-6 were independent of ADHD 
severity, which indicates that the suggested implications are not limited to either 
individuals with or without ADHD. Importantly, this speaks in favour of a dimensional 
approach where behavioural or neurocognitive problems are the primary focus 
instead of a diagnosis.   
FUTURE RESEARCH
While useful clues on the role of candidate genes, the social environment, and 
their interplay involved in correlates of ADHD were provided by the studies in this 
dissertation, there is ample work to be done by future research.
An important recommendation for future research is that studies should move 
beyond the focus of vulnerability models, and include (quantitative) measures 
that assess both positive and negative ends of behaviour and environments and 
not only the presence or absence of adversity or dysfunction (Belsky and Pluess, 
2009). Likewise, it should be considered that hypothesized risk genes might also 
work as plasticity genes (Belsky et al., 2009). Future studies would also do well 
to take a dimensional approach instead of focusing on diagnosis only. Moreover, 
besides candidate plasticity genes, there are additional individual characteristics 
that can influence susceptibility to environmental experiences. For example, 
evidence has been found for the role of an individual’s physiological stress reaction 
or temperament. Recently, studies have also begun to investigate how epigenetic 
processes, such as gene methylation, contribute to environmental susceptibility (van 
IJzendoorn et al., 2011, Tyrka et al., 2015). The challenge for future studies will then 
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be to combine all these (candidate) susceptibility factors, and examine if and how 
they work together. Furthermore, an important outstanding question is whether 
the same individuals are indeed more susceptible or ‘developmentally plastic’ 
to both positive and negative environments. In order to study this experimental 
designs are needed in which the environment can be manipulated to be positive or 
negative (Bakermans-Kranenburg and van, 2015, van IJzendoorn and Bakermans-
Kranenburg, 2015). Besides experimental studies, longitudinal follow-up studies can 
also provide more insight into the direction of effects. Moreover, these are needed 
to study possible developmental effects, as it is currently unknown if differential 
susceptibility remains stable over time (Belsky and Pluess, 2013). 
As there are many gene variants, it is quite likely that if some individuals are indeed 
more plastic or susceptible to experiences than others, this is not determined 
by one single gene. Still, meta-analysis have shown some impressive results of 
candidate genes (van IJzendoorn and Bakermans-Kranenburg, 2015, van IJzendoorn 
et al., 2012, Bakermans-Kranenburg and van Ijzendoorn, 2011). Although some of 
the sample sizes included in these meta-analyses have been quite small and thus 
have reduced power to find true effects (Button et al., 2013). Future work should 
investigate how (candidate) plasticity genes work together and use large sample 
sizes to find the suggested small GxE effects. 
Furthermore, as the follow-up period between IMAGE and NeuroIMAGE was quite 
far apart (six years), it should be investigated if EE does remain stable over shorter 
periods of time in children with ADHD by including more frequent measurements 
of EE. Future studies may also combine multiple instruments as questionnaires and 
interviews of parental EE to investigate whether reported criticism is comparable 
to observed criticism. Moreover, it would be interesting to investigate if the way 
EE is experienced by a child might be more predictive of behavioural, cognitive, or 
neural measures. 
Finally, as (nearly all of) our findings did not depend on ADHD severity, this suggests 
a more general mechanism applicable to individuals with and without the diagnosis. 
It would be interesting to investigate if the results hold for other psychiatric 
disorders as well.
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KEY FINDINGS & CONCLUSIONS
Maternal EE was not stable over a period of six years and does not appear 
to be a risk factor for later externalizing problems in (pre)adolescents with 
ADHD or vice versa, externalizing problems do not appear to be a risk factor 
for negative EE over a period of six years.
Not only negative, but also positive parental and peer factors play an 
important role in a broad range of measures related to ADHD, from behaviour 
to brain. 
GxE effects between the DAT1, DRD4, and 5-HTT genes and the social 
environment contributed to interindividual differences of reward sensitivity 
and response inhibition, but not of social behaviour. 
The differential susceptibility theory was partially supported by our results 
on reward sensitivity and response inhibition, but not by the results of 
social behaviour.
Developmental changes are important, and add another level of complexity 
to GxE mechanisms in the brain. This is demonstrated by the developmentally 
sensitive GxE effects found for total grey matter and putamen volume.
DAT1, DRD4, and 5-HTT do not solely act as risk genes, but can act as plasticity 
genes as well, depending on which outcome and environmental measure 
is focused.
 
Most findings were similar for participants with and without an ADHD 
diagnosis, which suggests the effects of genes, the social environment, and 
their interplay contribute in a more general way to differences in social 
behaviour, reward sensitivity, response inhibition, and brain volumes. 
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ACHTERGROND
Attention-Deficit/Hyperactivity Disorder - ADHD - wordt gekenmerkt door een 
langdurig patroon van aandachtsproblemen en/ of hyperactiviteit en impulsiviteit 
dat doorgaans begint in de kinderleeftijd en een negatieve invloed heeft op het 
dagelijks functioneren (American Psychiatric Association, 2013). ADHD is niet 
alleen een categoriale diagnose, maar kan ook opgevat worden als het extreem 
problematische op een dimensionele schaal. Kenmerken van ADHD zijn namelijk 
verdeeld over een continuüm in de bevolking, waarbij alleen individuen die veel 
kenmerken hebben en functionele beperkingen van hun symptomen ervaren aan de 
criteria voor een diagnose voldoen (Larsson et al., 2012, Asherson and Trzaskowski, 
2015).
We weten dat ADHD zeer erfelijk is, maar ook de omgeving speelt een belangrijke 
rol. Vooral het samenspel tussen genen en omgeving is daarbij van belang (gen-
omgevingsinteracties of GxE). Hierbij werden genen aanvankelijk vooral als een 
risicofactor beschouwd, waardoor een individu meer kwetsbaar zou worden voor 
negatieve invloeden (Zubin and Spring, 1977, Monroe and Simons, 1991). Er zijn 
echter bepaalde genen - zogenaamde plasticiteitsgenen - die een individu meer 
ontvankelijk maken voor zowel een positieve als eennegatieve omgeving (Belsky et 
al., 2009, Belsky and Pluess, 2013). Het hebben van plasticiteitsgenen kan gunstig 
uitpakken in een positieve omgeving, maar ongunstig in een negatieve omgeving. De 
drie meest onderzochte kandidaat-plasticiteitsgenen die blijken samen te hangen 
met ADHD zijn: de dopamine transporter (DAT1), dopamine receptor D4 (DRD4) en 
de serotonine transporter (5-HTT) (Belsky et al., 2009). 
DIT ONDERZOEK
Het doel van dit proefschrift is om meer inzicht te krijgen in de onderliggende 
mechanismen van gedrag, cognitie en neurale factoren die gerelateerd zijn aan ADHD. 
Dit wordt gedaan door de effecten van de sociale omgeving, plasticiteitsgenen en de 
interactie tussen beide te bestuderen. De nadruk ligt niet zozeer op verschillen tussen 
individuen met en zonder ADHD; in plaats daarvan onderzoeken we omgevings- 
en uitkomstmaten die niet alleen belangrijk zijn voor individuen met ADHD, maar 
voor een bredere populatie kinderen, adolescenten en jongvolwassenen (met 
weinig of veel ADHD symptomen). Achtereenvolgend kijken we naar de invloed 
van genen en omgeving op sociaal gedrag, beloningsgevoeligheid, responsinhibitie 
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en hersenvolumen. In het bijzonder onderzoeken we de toepasbaarheid van een 
conceptuele GxE theorie: het idee dat individuen verschillen in ontvankelijkheid voor 
de omgeving op basis van hun genetische eigenschappen. Daarbij richten we ons 
niet alleen op negatieve omgevings- en uitkomstmaten, maar juist ook op positieve, 
en onderzoeken we of deze ontvankelijkheid zowel goed of slecht kan uitwerken. 
Deelnemers aan dit onderzoek waren kinderen, adolescenten en jongvolwassenen 
met of zonder ADHD van het IMAGE en NeuroIMAGE project. 
DE RESULTATEN PER HOOFDSTUK
In hoofdstuk 2 onderzoeken we wat de (langetermijn)relatie is tussen de emoties 
van moeders (zogenaamde ‘Expressed Emotions’ of ‘EE’) en de ernst van 
gedragsproblemen bij kinderen met ADHD, naast de mogelijke rol van psychiatrische 
problematiek bij de ouder. Hiervoor gebruiken we data van het IMAGE project en de 
Nederlandse vervolgmeting daarop: het NeuroIMAGE project. Wanneer de kinderen 
gemiddeld 11,5 jaar oud zijn, vinden we dat meer warmte van de moeder samengaat 
met minder ADHD problemen bij kinderen. Zes jaar later, zijn er verbanden tussen 
zowel warmte als kritiek en de mate van opstandig en antisociaal gedrag. Alleen 
het verband tussen kritiek en opstandig gedrag blijft bestaan na de correctie voor 
herhaald toetsen (multiple testing). Verder blijken warmte en kritiek niet stabiel 
te zijn over tijd. Bovendien wordt er geen langetermijnrelatie gevonden tussen EE 
en de ernst van gedragsproblemen bij de kinderen. EE van moeders lijkt hierdoor 
geen risico- dan wel beschermende factor te zijn voor latere gedragsproblemen bij 
kinderen met ADHD en - vice versa - gedragsproblemen niet voor EE.
In de volgende hoofdstukken (3-6) wordt de interactie onderzocht tussen de DAT1, 
DRD4 en 5-HTT genen en de sociale omgeving bij deelnemers van het NeuroIMAGE-
project. Daarbij onderzoeken we in hoofdstuk 3-5 of dragers van specifieke 
varianten in deze genen meer ontvankelijk zijn voor positieve en/of negatieve 
omgevingsmaten. In hoofdstuk 3 wordt het samenspel tussen genen en EE op het 
sociale gedrag van (jonge) adolescenten onderzocht. De resultaten laten zien dat 
de hoeveelheid warmte van moeders positief samenhangt met de mate waarin een 
kind prosociaal gedrag laat zien, maar negatief samenhangt met de mate waarin 
een kind antisociaal gedrag vertoont. Bij kritiek wordt er juist een negatief verband 
met prosociaal en een positief verband met antisociaal gedrag gevonden. We 
vinden echter geen gen-omgevingsinteracties. 
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In hoofdstuk 4-6, kijken we naast EE ook naar het type vrienden als onderdeel van 
de sociale omgeving. In hoofdstuk 4 vinden we dat deelnemers met de HTTLPR 
korte variant de minste beloningsgevoeligheid laten zien met betrekking tot de 
reactiesnelheid wanneer ze veel prosociale vrienden hebben (bv. vrienden die 
populair zijn of het goed doen op school), maar de meeste beloningsgevoeligheid 
wanneer ze weinig prosociale vrienden hebben. Dit laatste wordt ook gevonden 
wanneer moeders weinig warmte laten zien. Deelnemers met het DAT1 10/10 
genotype laten een vergelijkbaar patroon zien wanneer we kijken naar warmte en de 
reactiesnelheid (tijdens beloonde en niet-beloonde trials) bij de beloningstaak. Ook in 
de hersenen wordt een GxE gevonden: tijdens het anticiperen op een beloning laten 
deelnemers met de DRD4 7R variant het minste activatie in het striatum zien wanneer 
hun moeders veel warmte tonen, maar het meeste activatie bij weinig warmte. 
Daarnaast laten DRD4 7R dragers in hoofdstuk 5 ook de minste neurale activatie 
zien in de fusiforme gyrus tijdens succesvolle inhibities wanneer ze veel prosociale 
vrienden hebben. Omgekeerd laten ze de meeste fusiforme gyrus activatie zien 
wanneer ze weinig prosociale vrienden hebben. Deze bevindingen zijn onafhankelijk 
van ADHD en steunen deels de ontvankelijkheidstheorie. Voorts vinden we in 
hoofdstuk 5 dat vergeleken met dragers van de HTTLPR lange variant, deelnemers 
met de korte variant meer activatie in de fusiforme gyrus laten zien tijdens niet-
succesvolle inhibities. Daarnaast worden er directe verbanden gevonden tussen de 
warmte van moeders of het aantal prosociale vrienden en de neurale activatie in 
de onderkant van de frontale cortex tijdens succesvolle inhibities. Hierbij lijkt het 
verband met het aantal prosociale vrienden vooral aanwezig te zijn bij deelnemers 
die weinig ADHD symptomen hebben. 
Tot slot laat hoofdstuk 6 zien dat het samenspel tussen genen en omgeving ook 
afhankelijk kan zijn van leeftijd. De resultaten tonen aan dat het totale volume van 
de hersenen samenhangt met de DAT1 en 5-HTT genotypen en het aantal prosociale 
vrienden van deelnemers, maar dat de richting van deze verbanden afhankelijk 
is van leeftijd. Vergelijkbare leeftijdsafhankelijke verbanden tussen de DRD4 en 
DAT1 genotypen en de hoeveelheid prosociale vrienden of kritiek van moeders 
worden gevonden voor het volume van het putamen. Los van genotype, vinden 
we dat deelnemers die weinig antisociale vrienden hebben (vrienden die vaak de 
regels overtreden of middelen misbruiken) een groter totaal hersenvolume hebben 
wanneer ze ouder zijn. Als laatste wordt gevonden dat zowel de DAT1 9R variant 
als het aantal deviante vrienden samenhangt met een kleinere nucleus caudatus. 
Ook deze verbanden zijn niet samenhangend met het aantal ADHD symptomen 
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van deelnemers. Hiermee wordt het belang aangetoond van het meenemen van 
ontwikkelingseffecten bij het onderzoeken van GxE effecten op de bouw van 
specifieke hersengebieden. 
Concluderend laten de resultaten verschillende verbanden zien tussen de sociale 
omgeving en gedrag, cognitie en neurale factoren gerelateerd aan ADHD, die 
niet onderhevig zijn aan invloeden van onderzochte plasticiteitsgenen. Daarnaast 
wordt er een aantal verbanden gevonden tussen de positieve sociale omgeving 
(warmte van moeders en prosociale vriendschappen) en beloningsgevoeligheid en 
responsinhibitie die wel afhankelijk zijn van genotype. Tot slot vinden we voor totale 
hersen- en putamenvolumen dat verbanden met het aantal prosociale vrienden of 
kritiek van moeders niet alleen gemodereerd worden door genotype, maar ook 
verschillen over leeftijd. 
BEWIJS VOOR ONTVANKELIJKHEID?
Voor sociaal gedrag vinden we geen GxE interacties, en daarom geen bewijs 
voor ontvankelijkheid. Daarentegen zijn er wel GxE effecten gevonden voor 
beloningsgevoeligheid en response inhibitie welke gedeeltelijk de theorie over 
ontvankelijkheid steunen. De meeste effecten worden echter gevonden met de 
positieve maten van de sociale omgeving: warmte en prosociale vriendschappen, 
terwijl de ontvankelijkheidstheorie stelt dat individuen meer ontvankelijk zijn 
voor zowel positieve als negatieve omgevingen (Belsky et al., 2007). Hoewel het 
wellicht niet de beste manier is om een negatieve omgeving te meten, hangt de 
afwezigheid van een positieve omgeving vaak samen met negatieve effecten in de 
ontwikkeling van kinderen (Newman et al., 2008, Yap et al., 2014). Het beschouwen 
van weinig warmte of prosociale vriendschappen als een negatieve omgeving lijkt 
daarom valide en daarmee worden deze resultaten in overeenstemming met de 
ontvankelijkheidstheorie geplaatst.
Aan de andere kant zijn er ook twee GxE effecten gevonden die niet het idee 
van ontvankelijkheid steunen. Hier lieten dragers van het HTTLPR korte variant 
of DAT1 10/10 genotype alleen verschillen zien in beloningsgevoeligheid en de 
reactiesnelheid tijdens niet-beloonde trials wanneer blootgesteld aan weinig 
warmte. Deze resultaten lijken derhalve eerder in overeenstemming te zijn met de 
theorie dat genen een individu meer kwetsbaar maken voor negatieve omgevingen 
(Zubin and Spring, 1977, Monroe and Simons, 1991). 
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Verder kunnen ontwikkelingseffecten mogelijk ook een rol spelen, zoals blijkt 
uit het samenspel tussen genen, omgeving en leeftijd in hoofdstuk 6. Hoewel we 
hier niet specifiek de theorie over ontvankelijkheid hebben kunnen onderzoeken, 
omdat de leeftijdseffecten de interpretatie van een ‘beste’ of ‘slechtste’ uitkomst 
bemoeilijken, laten de resultaten wel zien dat er eerder gesproken kan worden 
van plasticiteitsgenen in plaats van kwetsbaarheidsgenen. Daarnaast vinden we 
dat beide varianten van de HTTLPR (korte versus twee lange varianten) en DAT1 
(9R versus 10/10 genotype) een patroon laten zien van ontvankelijkheid. Welke 
genvariant zich als plasticiteitsvariant gedraagt, lijkt daarom afhankelijk te zijn van 
de omgevings- en uitkomstmaten. Anderzijds zou dit ook mogelijk een leeftijdseffect 
kunnen weerspiegelen, aangezien de expressie van genen kan verschillen over 
ontwikkelingsperiodes (Elia and Devoto, 2007) en dopamine en serotonine niveaus 
in het brein kunnen verschillen naar leeftijd (Li, 2013). 
KLINISCHE IMPLICATIES EN TOEKOMSTIG ONDERZOEK
Ondanks de hoofdzakelijk theoretische focus, hebben de onderzoeksresultaten 
ook een aantal klinische implicaties. De resultaten uit hoofdstuk 2 ondersteunen 
niet het gebruik van interventies gericht op EE om latere gedragsproblemen te 
voorkomen in kinderen met een ADHD gecombineerde type diagnose. Desondanks 
kunnen ouderinterventies gericht op EE effectief zijn doordat ze richten op diverse 
andere factoren zoals het naleven van regels en gezinsstructuur. Bovendien werden 
er meerdere cross-sectionele verbanden gevonden tussen EE en sociaal gedrag, 
cognitieve taakprestaties, en functionele en structurele breinverschillen. 
De gevonden verbanden met warmte en prosociale vriendschappen tonen 
daarnaast het belang van positieve sociale omgevingen aan bij adolescenten met 
en zonder ADHD. In het geval van beloningsgevoeligheid en inhibitie zijn deze 
verbanden afhankelijk van het genotype. In de verre toekomst heeft dit mogelijk 
gevolgen voor de klinische praktijk, waarbij interventies gericht op ouders en 
vrienden voornamelijk effectief zouden kunnen zijn voor individuen die plasticiteits-
varianten dragen. 
Behalve genotype zijn er ook andere factoren die bij kunnen dragen aan de mate 
van ontvankelijkheid voor omgevingsinvloeden. Voorbeelden hiervan zijn de 
fysiologische stressresponse of temperament. Recent onderzoek richt zich ook op 
epigenetische processen zoals DNA-methylatie (van IJzendoorn et al., 2011, Tyrka 
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et al., 2015). De toekomstige uitdaging wordt te onderzoeken hoe deze processen 
samen bijdragen aan de mate van ontvankelijkheid. Daarnaast is het, gezien de grote 
hoeveelheid genvarianten, zeer waarschijnlijk dat de mate van ontvankelijkheid 
niet enkel bepaald wordt door één gen. Het zou daarom interessant zijn om te 
onderzoeken hoe verschillende genen samenwerken. 
Een ander belangrijke vraag is of dezelfde individuen daadwerkelijk meer 
ontvankelijk zijn voor positieve én negatieve omgevingen. Dit zou onderzocht 
kunnen worden doormiddel van experimenten waarbij de omgeving gemanipuleerd 
kan worden (Bakermans-Kranenburg and van, 2015, van IJzendoorn and Bakermans-
Kranenburg, 2015). Ook langetermijnonderzoeken kunnen ons meer inzicht geven 
in wat oorzaak en gevolg is. Bovendien kunnen hiermee ook ontwikkelingseffecten 
worden onderzocht, aangezien het nog onduidelijk is in hoeverre ontvankelijkheid 
stabiel blijft gedurende de ontwikkeling (Belsky and Pluess, 2013). 
BELANGRIJKSTE CONCLUSIES
EE van moeders is niet stabiel over een periode van zes jaar en lijkt daarom 
geen risicofactor te zijn voor latere gedragsproblemen in kinderen met ADHD 
of vice versa, gedragsproblemen een risicofactor voor negatieve EE. 
Niet alleen negatieve, maar juist ook positieve sociale omgevingen spelen 
een belangrijke rol in een breed scala aan uitkomstmaten, van gedrag tot en 
met het brein. 
Gen-omgevingsinteracties tussen de DAT1, DRD4 en 5-HTT genen en de sociale 
omgeving dragen bij aan interindividuele verschillen in beloningsgevoeligheid 
en inhibitie. 
De theorie over ontvankelijkheid is gedeeltelijk bevestigd door onze resultaten 
van beloningsgevoeligheid en inhibitie, maar niet door de resultaten van 
sociaal gedrag. 
Ontwikkelingseffecten zijn belangrijk, en voegen extra complexiteit 
toe aan GxE mechanismen in het brein. Dit wordt aangetoond door de 
leeftijdsgevoelige GxE interacties die gevonden worden voor het totale 
hersen- en putamenvolume. 
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DAT1, DRD4 en 5-HTT zijn niet alleen risicogenen, maar kunnen ook 
als plasticiteitsgenen fungeren, afhankelijk van welke omgevings- en 
uitkomstmaten wordt onderzocht.
De meeste effecten onderzocht in dit proefschrift zijn gelijk voor deelnemers 
met en zonder een ADHD diagnose. Dit suggereert dat de effecten van genen, 
sociale omgeving en het samenspel tussen beide op een meer algemene wijze 
bijdragen aan verschillen in sociaal gedrag, beloningsgevoeligheid, inhibitie 
en hersenvolumen. 
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